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DESCRIPTION 

OPTICAL-WIRELESS FUSION COMMUNICATION SYSTEM AND 
OPTICAL-WIRELESS FUSION COMMUNICATION METHOD 

TECHNICAL FIELD 

[0001] 

The present invention relates to an optical-wireless hybrid transmission system and 
an optical-wireless hybrid transmission method for converting a high-frequency RF signal 
received by a base station into an optical signal and transmitting it to a central office. In 
particular, the optical-wireless hybrid transmission system according to the invention is 
configured in such a manner that an optical carrier signal is transmitted from an optical 
transmitter of the central office to the base station via an optical transmission line, the base 
station optically modulates the optical carrier signal according to a received RF signal, and a 
modulated optical signal is transmitted from the base station to an optical receiver of the 
central office via an optical transmission line and received by the optical receiver. 

BACKGROUND ART 

[0002] 

Fig. 27 shows an exemplary configuration of a conventional optical-wireless hybrid 
transmission system. Fig. 28 shows an exemplary configuration of an optical receiver. Fig. 
29 shows exemplary frequency spectra of respective signals in the conventional 
optical-wireless hybrid transmission system. 
[0003] 

A central office 100 is equipped with an optical transmitter 10 and plural optical 
receivers 20. In the optical transmitter 10, an optical splitter 12 splits, into plural signals, a 
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single-mode optical signal Oa (center frequency: f c ) that is output from a single-mode optical 
source 1 1. The split optical signals Oa are transmitted as optical carrier signals to plural 
base stations 300 via optical transmission lines 201 and input to optical modulators 301, 
respectively. Only one base station 300 is shown here. 
[0004] 

On the other hand, in a wireless terminal 400, an electrical carrier signal 0c 
(frequency fRfi) input from an oscillator 401 to a modulator 402 is intensity-modulated 
according to transmit-data 0b and a resulting RF signal Od is transmitted from an antenna 
403 to the base station 300. In the base station 300, the RF signal Od modulated according 
to the transmit-data 0b is received by an antenna 302 and input to the optical modulator 301 . 
The optical modulator 301 optical-intensity-modulates the optical carrier signal 0a supplied 
from the optical transmitter 10 according to the received RF signal, and a modulated optical 
signal Oe is amplified optically by an optical amplifier 303 and transmitted to the optical 
receiver 20 of the central office 100 via an optical transmission line 202. The plural optical 
receivers 20 are connected to the corresponding base stations 300, respectively. 
[0005] 

In the optical receiver 20, the modulated optical signal Oe transmitted from the base 
station 300 is amplified optically by an optical amplifier 21 and then DSB-SC-modulated 
(DSB-SC: double-sideband suppressed-carrier) by using an electrical carrier signal Of 
(frequency: fRF2/2) that is input from an oscillator 22 to the optical modulator 23. Only an 
optical signal Oh including prescribed two waves is extracted from an output optical signal Og 
of the optical modulator 23 by an optical filter 24, and then square-law-detected by a 
photodetector 25. 
[0006] 

The frequency fRtz/2 of the electrical carrier signal Of that is output from the 



oscillator 22 is set at a half of a frequency that is lower than the frequency f rfi of the RF signal 
Od by an arbitrary intermediate frequency f if, whereby an electrical signal Oi having the 
arbitrary intermediate frequency fiF is obtained as an output of the photodetector 25 and 
demodulated by an electrical demodulator 26. In this manner, receive-data Oj 
5 corresponding to the transmit-data Ob that is transmitted from the wireless terminal 400 is 
obtained without the need for using a receiver of an RF signal frequency band (refer to 
Non-patent document 1). 

Non-patent document 1: Toshiaki Kuri and Ken-ichi Kitayama, "New Photonic 
Downconversion Technique with Optical Frequency Shifter for 60-GHz-Band Fiber-Radio 

10 Uplink Systems," Proceedings of the 2002 General Assembly of the Institute of Electronics, 

\ 

Information and Communication Engineers (IEICE), IEICE, March 7, 2002, C-14-13. 



DISCLOSURE OF THE INVENTION 
PROBLEMS TO BE SOLVED BY THE INVENTION 

1 5 [0007] 

In conventional optical-wireless hybrid transmission systems, an optical signal 
transmitted from the base station is DSB-SC-modulated in all the optical receivers 
corresponding to the respective base stations. Therefore, optical modulators having an RF 
signal frequency band need to be provided, making the configuration complex. In particular, 

20 where broadband signals are transmitted between the wireless terminals and the base 
stations, it is expected that a millimeter-wave band capable of securing a wide signal 
bandwidth will be employed as RF signal frequencies. However, optical modulators of a high 
frequency band for this purpose are expensive and hence the entire system is made 
expensive and complex in configuration. 

25 [0008] 



Further, every optical receiver requires an optical amplifier for compensating for the 
loss of a conversion into an optical signal in the case where the loss of an optical fiber 
transmission is high, the insertion loss of the optical modulator in the base station is high, or 
the optical modulation index of the optical modulator is small. This makes the entire system 
5 expensive and complex in configuration. 
[0009] 

An object of the present invention is therefore to provide an optical-wireless hybrid 
transmission system and an optical-wireless hybrid transmission method realizing 
high-sensitivity detection of an optical signal transmitted from a base station with a simple 
10 and inexpensive system configuration, that is, without complex and expensive components 
such as optical amplifiers and opto-electrical circuits of a high frequency band. 

MEANS FOR SOL VI NG THE PROBLEMS 

[0010] 

1 5 (First Invention) 

According to a first invention, in an optical-wireless hybrid transmission system, a 
central office has an optical transmitter and an optical receiver, the optical transmitter 
transmits an optical carrier signal to a base station via an optical transmission line, the base 
station receives an RF signal (frequency: fRF) that is modulated according to transmit-data, 

20 optically modulates the optical carrier signal according to the received RF signal, and 
transmits a resulting modulated optical signal to the central office via an optical transmission 
line, and the optical receiver receives and demodulates the modulated optical signal and 
reproduces the transmit-data. The optical transmitter and the optical receiver have the 
following configurations. 

25 [0011] 



The optical transmitter includes a first single-mode optical source which outputs a 
first single-mode optical signal (center frequency: fci), a second single-mode optical source 
which outputs a second single-mode optical signal (center frequency: fo), a third 
single-mode optical source which outputs a third single-mode optical signal (center 
5 frequency: fc3>, and a polarization-coupling part which orthogonal-polarization-couples the 
second single-mode optical signal with the third single-mode optical signal while adjusting 
polarization directions and optical powers of the two waves so as to make the polarization 
directions orthogonal and the optical powers identical, and outputs a resulting 
polarization-coupled optical signal. The center frequencies fci, fo, and fc3 of the first, 
10 second, and third single-mode optical signals are controlled so as to satisfy 



where is the frequency of the RF signal and f ifi and fiF2 are prescribed intermediate 
frequencies. The optical transmitter transmits the first single-mode optical signal to the 
base station as the optical carrier signal and outputs said polarization-coupled optical signal 
1 5 to the optical receiver. 



The optical receiver includes an optical coupler which couples the modulated optical 
signal transmitted from the base station with said polarization-coupled optical signal that is 
output from the optical transmitter, a photodetector which photodetects a coupled optical 
20 signal output from the optical coupler and thereby outputs an electrical signal having the 
intermediate frequencies fiFi and fiF2, an electrical demodulator which demodulates the 
electrical signal having the intermediate frequencies fiFi and and output from the 
photodetector, and a low-pass filter which filters an output signal of the electrical 
demodulator and thereby outputs the transmit-data. 



I fci fc2 I ^RF — f 
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[0013] 

According to the first invention, the optical transmitter transmits the first 
single-mode optical signal to the base station as the optical carrier signal and outputs, to the 
optical receiver, the polarization-coupled optical signal obtained by 
5 orthogonal-polarization-coupling the two waves, that is, the second single-mode optical 
signal and the third single-mode optical signal. At this time, the optical transmitter 
performs an automatic frequency control according to optical signals neither modulated nor 
attenuated, which can make the automatic frequency control easier than in a case that it is 
performed in an optical receiver according to a modulated optical signal that is attenuated 
10 due to a transmission loss as in conventional high-sensitivity optical detection. 
[0014] 

The electric field E op t-c of the optical signal transmitted to the base station and the 
electric field E op t-Lo of the polarization-coupled optical signal output to the optical receiver are 
given by the following formulae: 

Eopt-c = Acos(2 7i f ci t + <t> i(t)) * * ' ( 1) 

Eopt-Lo— A LO €os(2 7i f C2 i+ <t> 2 (t)) + A L oCos(2 it <fr 3 (t)) "*&> 

where A and Alo are electric amplitudes and <|>i(t), <j>2(t), and <j>3(t) are phase-noise components 
of the output optical signals of the single-mode optical sources. The first and second terms 
on the right side of Formula (2) have orthogonal polarization directions and the same 
amplitude. 
20 [0015] 

The base station optical-intensity-modulates the optical signal (Formula (1)) 
transmitted from the optical transmitter according to the RF signal transmitted from a 
wireless terminal, and transmits a resulting modulated optical signal to the optical receiver. 
The electric field E op t-mod of the modulated optical signal which has been modulated by binary 
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amplitude shift keying and is transmitted to the optical receiver is given by the following 
formula: 

Ebpt-mod 00 (1 + mai cos 2 a %t) 

• Acos(2 71 f^t + TH <f> { (X + t)> - -(3) 

where m is an optical modulation index, at (= 0 or 1) is an amplitude-modulation coefficient, 
5 and T is a time that is taken for an optical transmission between the central office and the 
base station. 
[0016] 

The optical receiver couples the polarization-coupled optical signal (Formula (2)) 
output from the optical transmitter with the modulated optical signal (Formula (3)) 
10 transmitted from the base station, and then square-law-detects a resulting coupled optical 
signal with the photodetector. The electric field E op t-co of the coupled optical signal is given 
by the following formula: 

E 0 p t . co =A L oGos(2 7t fc 2 t+ <f> 2 (t)) + A LO cos(2 n f C3 t + <f> 3 (t)) 
+ (1/ y )(1 4 i ma 1 cos2 n f RF t) 
• Acos(2 7i f ci (t + 2T)+ <t> t (t+ 2T)> - -(4) 

where y is the sum of an optical transmission loss of the base station-optical receiver link, an 

1 5 insertion loss of an optical modulator in the base station, and other losses (y » 1 ). 

[0017] 

The optical signal of the first and second terms on the right side of Formula (4) has a 
sufficient optical power because it is directly input from the optical transmitter to the optical 
receiver and hence has suffered no loss. Therefore, by square-law-detecting the optical 
20 signal of Formula (4) with the photodetector, the modulated optical signal (Formula (3)) 
transmitted from the base station can be received with high sensitivity us in the case of the 
optical heterodyne detection which is known as a high-sensitivity detection method. 
[0018] 
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The electric field Eif of the electrical signal including the two waves with the 
intermediate frequencies fiFi and fiF2 and output from the photodetector is given by the 

following formula: 

E IF ^Gai [A- A LO -cos 8 -cos(2 it f IFl t+ <J> L ) 

4- A • A LQ • sin 0 * cbs(2 tc f,p 2 t + <p 2 )3 • • <(5) 

(<l> { = ± [4: K.% l T+ <t> i(t+ 2T)— 4> 2 (t)3 ) 
( </> j = ± [4 k £ C] T + 4 t (t + 2T) - <f> 3 (t)] ) 

where G is a coefficient that depends on the gain of the above optical heterodyne detection, 

and \|/2 are phase components of the respective electrical signals having the intermediate 

frequencies f^i and fiF2, and 0 is an angle formed by the polarization direction of the 

modulated optical signal (Formula (3)) transmitted from the base station and the polarization 

direction of the optical signal represented by the first term of Formula (2) of the 

polarization-coupled optical signal that is output from the optical transmitter. 

[0019] 

The optical transmitter performs a control to keep the center frequencies of the first, 
second, and third single-mode optical signals at set values. Therefore, in the optical 
receiver, a signal having stable intermediate frequencies can be obtained without the need for 
any of RF-band components and an automatic intermediate frequency controller that are 
complex in configuration. 
[0020] 

When envelope-detecting the electrical signal including the two waves having the 
intermediate frequencies fiFi and fiF2 and then causing a resulting detected signal to pass 
through the low-pass filter, the electric field Ebb of an electrical signal obtained is given by the 
following formula: 

E BB ocG 2 aj 2 (A 2 -Al/cos 2 6 + -A 2 "« A L /sin 2 Q ) 

-G 2 a^-A- A^ 2 - m 
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[002 1 ] 

Since the polarization-coupled optical signal (Formula (2)) that is output from the 
optical transmitter has the orthogonal polarization directions and the same optical power, the 
output signal power of the low-pass filter is insensitive to the polarization direction of the 
5 modulated optical signal (Formula (3)) that is transmitted from the base station. 
[0022] 

(Second Invention) 

According to a second invention, in an optical-wireless hybrid transmission system a 
central office has an optical transmitter and an optical receiver, the optical transmitter 
1 0 transmits an optical carrier signal to a base station via an optical transmission line, the base 
station receives an RF signal (frequency: fRF) that is modulated according to transmit-data, 
optically modulates the optical carrier signal according to the received RF signal, and 
transmits a resulting modulated optical signal to the central office via an optical transmission 
line, and the optical receiver receives and demodulates the modulated optical signal and 

1 5 reproduces the transmit-data. The optical transmitter and the optical receiver have the 

following configurations. 
[0023] 

The optical transmitter includes a first single-mode optical source which outputs a 
first single-mode optical signal (center frequency: fci), a second single-mode optical source 
20 which outputs a second single-mode optical signal (center frequency: fc2), a third 
single-mode optical source which outputs a third single-mode optical signal (center 
frequency: fc3), and a polarization-coupling part which orthogonal-polarization-couples the 
second single-mode optical signal with the third single-mode optical signal while adjusting 
polarization directions and optical powers of the two waves so as to make the polarization 

2 5 directions orthogonal and the optical powers identical, and outputs a resulting 
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polarization-coupled optical signal. The center frequencies fci, fc2, and fc3 of the first, 
second, and third single-mode optical signals are controlled so as to satisfy 

i fci fc3 i — ffcF— f]*F2 

where fRF is the frequency of the RF signal and fiFi and fiF2 are prescribed intermediate 
frequencies. The optical transmitter transmits the polarization-coupled optical signal to the 
base station as the optical carrier signal and outputs the first single-mode optical signal to 
the optical receiver. 
[0024] 

The optical receiver includes an optical coupler which couples the modulated optical 
signal transmitted from the base station with the first single-mode optical signal that is 
output from the optical transmitter, a photodetector which photodetects a coupled optical 
signal output from the optical coupler and thereby outputs an electrical signal having the 
intermediate frequencies fiFi and fiF2, an electrical demodulator which demodulates the 
electrical signal having the intermediate frequencies fiFi and and output from the 
photodetector, and a low-pass filter which filters an output signal of the electrical 
demodulator and thereby outputs the transmit-data. 
[0025] 

According to the second invention, the optical transmitter transmits the 
polarization-coupled optical signal obtained by orthogonal-polarization-coupling the two 
waves, that is, the second single-mode optical signal and the third single-mode optical signal, 
to the base station as the optical carrier signal and outputs the first single-mode optical 
signal to the optical receiver. 
[0026] 

The electric field E op t-c of the polarization-coupled optical signal transmitted to the 
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base station and the electric field E 0 pt-to of the optical signal output to the optical receiver are 
given by the following formulae: 

E pp t rc . = Acos(2 7t f C2 t + <t> 2 (0) + Aeos(2 n f C3 t 4- <f> 3 (t)) • • <7) 
Eo P ,-lo = A LO cos(2 7t f cl t+ 4> ,(0) •• (8) 

where A and Alo are electric amplitudes and <|>i(t), 4>2(t), and <f>3<t) are phase-noise components 
5 of the output optical signals of the single-mode optical sources. The first and second terms 
on the right side of Formula (7) have orthogonal polarization directions and the same 
amplitude. 
[0027] 

The base station optical-intensity-modulates the optical signal (Formula (7)) 
10 transmitted from the optical transmitter according to the RF signal transmitted from a 
wireless terminal, and transmits a resulting modulated optical signal to the optical receiver. 
The electric field E op t-mod of the modulated optical signal which has been modulated by binary 
amplitude shift keying and is transmitted to the optical receiver is given by the following 
formula: 

E oMd (1 +ma i cos2 it f^t) 

• [Aeos(2 it f G2 (t+T)4- 0 2 (t+T)) 
] + Acos(2 7i £ C3 (t +T) 4- $ 3 (t + T)) I • ■ ■ (9) 

where m is an optical modulation index, ai (= 0 or 1) is an amplitude-modulation coefficient, 
and T is a time taken for an optical transmission between the central office and the base 
station. 
[0028] 

20 The optical receiver couples the optical signal (Formula (8)) that is output from the 

optical transmitter with the modulated optical signal (Formula (9)) transmitted from the base 
station, and then square-law-detects a resulting coupled optical signal with the 

1 1 



photodetector. The electric field E op t-co of the coupled optical signal is given by the following 
formula: 

E opt - co =A L pCOs(2 K f ci t+ <f> i(t))+(l/ v )(i + ma,- cos 2 7t f^t) 
• [Acos(2 7T f C2 (t+ 2T) + <*> 2 (t+ 2T)) 
+ Acos(2 7c f e3 (t + 2T)+ <f> 3 (t + 2T)) ] • • -(10) 

where y is the sum of an optical transmission loss of the base station-optical receiver link, an 

5 insertion loss of an optical modulator in the base station, and other losses (y » 1 ). 

[0029] 

The optical signal of the first term on the right side of Formula (10) has a sufficient 
optical power because it is directly input from the optical transmitter to the optical receiver 
and hence has suffered no loss. Therefore, by square-law-detecting the optical signal of 
10 Formula (10) with the photodetector, the modulated optical signal (Formula (9)) transmitted 
from the base station can be received with high sensitivity as in the case of the optical 
heterodyne detection which is known as a high-sensitivity detection method. 
[0030] 

The electric field Eif of the electrical signal including the two waves having the 
1 5 intermediate frequencies fiFi and fiF2 and output from the photodetector is given by the 

following formula: 

Ejp^Gaj [A* A t0 • cos 8 • cos(2 n f m t+ </> r ) 

4- A • A LO • sin 0 • cos(2 tz f IF2 t + <p 2 ) ] -(\ 1) 

U , = ± [4 7i f G2 T + <j> 2 (t + 2T)~ <t> :i (t)] ) 
i<J> 2 = ± [4 7i f C3 T+ <P 3 (t+ 2T)- <t> jCt)] ) 

where G is a coefficient that depends on the gain of the above optical heterodyne detection, 
and \|/2 are phase components of the respective electrical signals having the intermediate 
20 frequencies f^i and fiF2, and 0 is an angle formed by the polarization direction of the optical 
signal represented by the first term of Formula (9) of the modulated optical signal transmitted 
from the base station and the polarization direction of the optical signal (Formula (8))that is 
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output from the optical transmitter. 
[0031] 

The optical transmitter performs a control to keep the center frequencies of the first, 
second, and third single-mode optical signals at set values. Therefore, in the optical 
receiver, a signal having stable intermediate frequencies can be obtained without the need for 
using any of RF-band components and an automatic intermediate frequency controller that 
are complex in configuration. 
[0032] 

When envelope-detecting the electrical signal including the two waves having the 
intermediate frequencies fiFi and and then causing a resulting detected signal to pass 
through the low-pass filter, the electric field Ebb of an electrical signal obtained is given by the 
following formula: 

Bbb^G 2 *;W*A w 2 - cos 2 6 4- A 2 • A L0 2 ♦ sin 2 0 ) 

^G 2 af-A 2 *A^ 2 •••(12) 

[0033] 

Since the polarization-coupled optical signal (Formula (7)) output from the optical 
transmitter has the orthogonal polarization directions and the same optical power, the output 
signal power of the low-pass filter is insensitive to the polarization direction of the modulated 
optical signal (Formula (9)) that is transmitted from the base station. 
[0034] 

(Third Invention) 

A third invention relates to another configuration of the optical receiver in the 
optical-wireless hybrid transmission system according to the first or second invention. 
[0035] 

The optical receiver includes, in place of the electrical demodulator and the low-pass 
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filter of the optical receiver according to the first or second invention, a filter which separates 
from each other an electrical signal having the intermediate frequency fipi and an electrical 
signal having the intermediate frequency output from the photodetector, a first electrical 
demodulator and a second electrical demodulator which demodulate the electrical signal 
having the intermediate frequency fiFi and the electrical signal having the intermediate 
frequency fo, respectively, that are output from the filter, and a combiner which combines an 
output signal of the first electrical demodulator with an output signal of the second electrical 
demodulator and thereby outputs the transmit-data. 
[0036] 

In the optical receiver according to the third invention, the electrical signals having 
the intermediate frequencies fiFi and fiF2 (Formula (5) or (1 1 )) are separated from each other by 
the filter, whereby the following two electrical signals Eifi and Eif2 having the intermediate 
frequencies f^i and are obtained: 

E 1Fl ^ G a| A • A L p • cos & • cos(2 jt f IF1 t+ & x ) • v • ( 13) 

Ejp2 ^ G a v A • A L0 • sin 0 -gosC^ td f IF2 t-h </) 2 ) •••(14) 

[0037] 

These electrical signals having the intermediate freq uencies fiFi and fiF2 are 
envelope-detected individually and resulting electrical signals are combined with each other 
by the combiner. The electric field Ebb of an electrical signal obtained by the combiner is 

given by the following formula. 

E BB oc G 2 (A 2 • A L0 2 • cos 2 0 + A 2 • A lo 2 • sin 2 6 ) 

=G 2 af • A 2 * A LP ^ • •(15) 

[0038] 

In the first invention, the polarization-coupled optical signal (Formula (2)) output 
from the optical transmitter to the optical receiver has the orthogonal polarization directions 
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and the same optical power. In the second invention, the optical signal (Formula (7)) 
transmitted from the optical transmitter to the base station has the orthogonal polarization 
directions and the same optical power. Therefore, the output of the combiner of the optical 
receiver according to the invention is insensitive to the polarization direction of the 
5 modulated optical signal (Formula (3) or (9)) that is transmitted from the base station. 
[0039] 

According to the third invention as described above, the optical receiver is able to 
perform high-sensitivity optical detection with a simple configuration including one 
photodetector and two electrical demodulators of an intermediate frequency band, without 
10 the need for any of RF-band components, an automatic intermediate frequency controller, 
and a polarization-diversity circuit. 
[0040] 

(Fourth Invention) 

A fourth invention relates to another configuration of the optical receiver in the 
1 5 optical-wireless hybrid transmission system according to the first or second invention. 
[004 1 ] 

The optical receiver includes, in place of the electrical demodulator and the low-pass 
filter of the optical receiver according to the first or second invention, a filter which separates 
from each other an electrical signal having the intermediate frequency fin and an electrical 

* 

20 signal having the intermediate frequency output from the photodetector, a first electrical 
demodulator and a second electrical demodulator which demodulate the electrical signal 
having the intermediate frequency fiFi and the electrical signal having the intermediate 
frequency fe, respectively, that are output from the filter, and a delay-controllable combiner 
which combines an output signal of the first electrical demodulator with an output signal of 

25 the second electrical demodulator while equalizing their phases and thereby outputs the 
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transmit-data. 
[0042] 

In the optical receiver according to the fourth invention, not only can a constant 
output reception signal be obtained which is insensitive to the polarization direction of the 
modulated optical signal transmitted from the base station as in the case of the optical 
receiver according to the third invention, but also the following function is realized. 
Combining the output signal of the first electrical demodulator with the output signal of the 
second electrical demodulator while equalizing their phases makes it possible to compensate 
for a time difference occurring between the output signal of the first electrical demodulator 
and the output signal of the second electrical demodulator due to dispersion in the optical 
transmission lines. 
[0043] 

As described above, the fourth invention not only enables high-sensitivity optical 
detection as in the third invention but also can realize optical detection without being 
influenced by dispersion in the optical transmission lines by compensating for a time 
difference occurring between the output signal of the first electrical demodulator and the 
output electrical signal of the second electrical demodulator due to the dispersion. Where as 
in the case of the first invention the one-wave optical signal (Formula (2)) is transmitted from 
the optical transmitter to the base station and the modulated optical signal (Formula (3)) is 
transmitted from the base station to the optical receiver, influences of dispersion in the 
optical transmission lines appear in the modulated optical signal having the double sideband 
components. Where as in the second invention the two-wave polarization-coupled optical 
signal (Formula (7)) is transmitted from the optical transmitter to the base station and the 
modulated optical signal (Formula (9)) is transmitted from the base station to the optical 
receiver, influences of dispersion in the optical transmission lines appear in both optical 
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signals. 
[0044] 

(Fifth Invention) 

According to a fifth invention, the optical-wireless hybrid transmission system 
according to the first invention further includes plural base stations, and plural optical 
receivers in the central office. The optical receivers receive modulated optical signals 
transmitted from the plural base stations, respectively. The optical transmitter includes a first 
optical splitter which splits the first single-mode optical signal into plural optical signals and 
transmits the split optical signals to the plural base stations as optical carrier signals, 
respectively, and a second optical splitter which splits the polarization-coupled optical signal 
into plural optical signals and outputs the split optical signals to the plural optical receivers, 
respectively. 
[0045] 

According to the fifth invention, none of the optical receivers need to use any of 
RF-band components, an automatic intermediate frequency controller, and a 
polarization-diversity circuit, whereby the configuration of the entire system can be 
simplified to a large extent. 
[0046] 

(Sixth Invention) 

According to a sixth invention, the optical-wireless hybrid transmission system 
according to the second invention further includes plural base stations, and plural optical 
receivers in the central office. The optical receivers receive modulated optical signals 
transmitted from the plural base stations, respectively. The optical transmitter further 
includes a first optical splitter which splits the polarization-coupled optical signal into plural 
optical signals and transmits the split optical signals to the plural base stations as optical 
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carrier signals, respectively, and a second optical splitter which splits the first single-mode 
optical signal into plural optical signals and outputs the split optical signals to the plural 
optical receivers, respectively. 
[0047] 

5 According to the sixth invention, none of the optical receivers need to use any of 

RF-band components, an automatic intermediate frequency controller, and a 
polarization-diversity circuit, whereby the configuration of the entire system can be 
simplified to a large extent. 
[0048] 

10 (Seventh Invention) 

According to a seventh invention, the optical-wireless hybrid transmission system 
according to the fifth invention further includes an output-power-controllable optical splitter 
in place of the first optical splitter of the optical transmitter, being capable of individually 
setting optical powers of the optical carrier signals to be transmitted to the plural base 

1 5 stations, respectively. 
[0049] 

In the seventh invention, the optical transmitter transmits the first single-mode 
optical signals (optical carrier signals) to the plural base stations at prescribed optical powers, 
respectively, and outputs the polarization-coupled optical signals each including the two 
20 waves, that is, the second single-mode optical signal and the third single-mode optical signal, 
to the plural optical receivers. 
[0050] 

The electric field E op t-c(i) of the optical signal transmitted to each base station and the 
electric field E 0 pt-i_o(i) of the polarization-coupled optical signal output to each optical receiver 
25 are given by the following formulae: 
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E opt . c (i) = A c (i) cos(2 7i f :Gl t+ <t> l (t» * -06) 

E ppl . LQ (i) =A LO cos(2 it f C2 t+ 0 2 (t)) 4- A L oCos(2 tz f C3 t+ d> 3 (t» •••(17) 

where i is an identification number indicating each base station-optical receiver link, Ac(0 and 
Alo are electric amplitudes, and (J>i(t), <Mt), and (Mt) are phase-noise components of the 
output optical signals of the single-mode optical sources. The first and second terms on the 
5 right side of Formula (1 7) have orthogonal polarization directions and the same amplitude. 
[0051] 

Each of the base stations optical-intensity-modulates the optical signal (Formula 

(16) ) transmitted from the optical transmitter according to the RF signal transmitted from a 
wireless terminal, and transmits a resulting modulated optical signal to the optical receiver. 

10 The electric field E op t-mod(i) of the modulated optical signal which has been modulated by 
binary amplitude shift keying and is transmitted to the optical receiver is given by the 
following formula: 

E opt . mod (i) (1 -hm(i) a t cos2 k f RF t) 

•A c (i) cos(2 7rf cl (t+T) + H> ^t+T)) • '-(18) 

where m(i) is an optical modulation index which depends on the signal power of the RF signal 
1 5 input to an optical modulator as well as on the wireless transmission length between the base 
station and the wireless terminal of each link. And T is a time taken for an optical 
transmission between the central office and the base station, and a ( (= 0 or 1) is an 
amplitude-modulation coefficient. 
[0052] 

20 Each of the optical receivers couples the polarization-coupled optical signal (Formula 

(17) ) output from the optical transmitter with the modulated optical signal (Formula (18)) 
transmitted from the base station, and then square-law-detects a resulting coupled optical 
signal with the photodetector. The electric field Eopt-co(i) of the coupled optical signal is given 
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by the following formula: 

Eppt-eoO) = A L0 C0S(2 7t £ C2 t+ (j> 2 (.t)) + A L0 C0S(2 71 f c:l t + <t> 3 (t» 

+ (1 / y (i» ( 1 + m(\)a t cos:2 tc f RF t) 

•A c (i) cos(2 7i f G1 (t+ 2T) + 0 l (t+2T)) -(19) 

where y(i) is the sum of an optical transmission loss of each base station-optical receiver link, 
an insertion loss of the optical modulator in the base station, and other losses (y » 1 ). 
5 [0053] 

The optical signal of the first and second terms on the right side of Formula (1 9) has 
a sufficient optical power because it is directly input from the optical transmitter to the optical 
receiver and hence has suffered no loss. Therefore, by square-law-detecting the optical 
signal of Formula (19) with the photodetector, the modulated optical signal (Formula (18)) 
10 transmitted from the base station can be received with high sensitivity as in the case of the 
optical heterodyne detection which is known as a high-sensitivity detection method. 
[0054] 

The electric field EifO) of the electrical signal including the two waves having the 
intermediate frequencies fiFi and fiF2 and output from the photodetector is given by the 

1 5 following formula: 

E IF (i) oc (m(i)/ y (i»-a i [A LO - A c (i)- cos 0 -eos(2 tl f, R t+ r > 
+ A LO - A G (i)- sin 8 •cos(2 te f IF2 t -l- <J> 2 )\\ 
= (1 / / k(i)) • a ( [ A LO • Ac® - cos 0 - cos(2 re i^t + 4 r ) 

+ A LO -A c (i) -sin 6 - cos(2 7rf tF2 t + <j) ? >] - (20) 

( </>!= ± [4 K f cl T+ <t> x (t+ ZD— <t> 2 (t>] ) 
(<J> 2 =± [4 n f cl T+ <f> ,(t+2T)— * 3 (t>] ) 

where yi and \|/2 are phase components of the respective electrical signals having the 
intermediate frequencies fiFi and fiF2, and 0 is an angle formed by the polarization direction of 
the modulated optical signal (Formula (18)) transmitted from the base station and the 
20 polarization direction of the optical signal represented by the first term of Formula (1 7) of the 
polarization-coupled optical signal that is output from the optical transmitter. And k(i) is a 
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coefficient that depends on the optical fiber transmission length and the wireless 
transmission length of each link and represents an amplitude component of the modulated 
optical signal. The coefficient k(i) satisfies the following formula: 

k(i) « y (i)/m(i) -(21) 

5 [0055] 

The optical transmitter performs a control to keep the center frequencies of the first, 
second, and third single-mode optical signals at set values. Therefore, in each optical 
receiver, an electrical signal having stable intermediate frequencies fiFi and can be 
obtained without the need for using any of RF-band components and an automatic 
1 0 intermediate frequency controller that are complex in configuration. 
[0056] 

Further, since the output-power-controllable optical splitter of the optical 
transmitter controls the optical powers of the optical signals that are transmitted to the 
respective base stations, it is possible to control the signal power of the electrical signal 
1 5 having the intermediate frequencies fiFi and fiF2 obtained as the output of the photodetector 
of each optical receiver. 
[0057] 

When envelope-detecting the electrical signal including the two waves having the 
intermediate frequencies fiFi and fiF2 and then causing a resulting detected signal to pass 
20 through the low-pass filter, the electric field EbbO) of an electrical signal obtained is given by 
the following formula: 

E BB (i) oc ( l /k(0)V(A LO 2 A c (i) 2 cos 2 d +A LO 2 A G (i) 2 sin 2 0) 
= (l/k(i)) 2 a 2 A L0 2 A c (i) 2 •••(22) 

[0058] 

Since the polarization-coupled optical signal (Formula (17)) output from the optical 
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transmitter has the orthogonal polarization directions and the same optical power, in each 
optical receiver the output signal power of the low-pass filter is insensitive to the polarization 
direction of the modulated optical signal (Formula (18)) that is transmitted from the base 
station. The same is true of an electrical signal that is obtained by the combiner or the 
delay-controllable combiner in the case where the seventh invention employs the optical 
receiver according to the third or fourth invention. 
[0059] 

(Eighth Invention) 

According to an eighth invention, the optical-wireless hybrid transmission system 
according to the fifth invention further includes an output-power-controllable optical splitter 
in place of the second optical splitter of the optical transmitter, being capable of individually 
setting optical powers of the polarization-coupled optical signals to be output to the plural 
optical receivers, respectively. 



In the eighth invention, the first single-mode optical signals (optical carrier signals) 
are transmitted to the plural base stations and the polarization-coupled optical signals each 
including the two waves, that is, the second single-mode optical signal and the third 
single-mode optical signal, are output to the plural optical receivers at prescribed optical 
powers, respectively. 



The electric field E op t-c(i) of the optical signal transmitted to each base station and the 
electric field E op t-Lo(i) of the polarization-coupled optical signal output to each optical receiver 
are given by the following formulae: 



E__, JG) = A, o(i) cos(2 7i L b t+ <j> ? (t)) + A i n (i)(pos2 n f r , 1 4- § *(t)> • ♦•(24) 



[0060] 



[0061] 





where i is an identification number indicating each base station-optical receiver link, Ac and 
Ai_o(i) are electric amplitudes, and <jn(t), ^(t), and fo(t) are phase-noise components of the 
output optical signals of the single-mode optical sources. The first and second terms on the 
right side of Formula (24) have orthogonal polarization directions and the same amplitude. 
5 [0062] 

Each of the base stations optical-intensity-modulates the optical signal (Formula 
(23)) transmitted from the optical transmitter according to the RF signal transmitted from a 
wireless terminal, and transmits a resulting modulated optical signal to the optical receiver. 
The electric field E op t-mod(i) of the modulated optical signal which has been modulated by 
10 binary amplitude shift keying and is transmitted to the optical receiver is given by the 
following formula: 

Eopt-mod ® m Cl +mBa i cos2 *:£ w t) 

vA c cos(2 7u £ cl (t + T)+ 0 iCt+T)) -(25) 

where m(i) is an optical modulation index which depends on the signal power of the RF signal 
that is input to an optical modulator as well as on the wireless transmission length between 
1 5 the base station and the wireless terminal of each link. And T is a time taken for an optical 
transmission between the central office and the base station, and ai (= 0 or 1) is an 
amplitude-modulation coefficient. 
[0063] 

Each of the optical receivers couples the polarization-coupled optical signal (Formula 
20 (24)) that is output from the optical transmitter with the modulated optical signal (Formula 
(25)) transmitted from the base station, and then square-law-detects a resulting coupled 
optical signal with the photodetector. The electric field E op t-co(i) of the coupled optical signal 
is given by the following formula: 
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E opt - C o(i) = A LO (i)cos(2 7cf c2 t+ 0 2 (t)) + A LO (i)cos(2 7if r ,t+ 

+ (1 / y (i» (1 + m(i)a, cos 2 it f RF t) 
• A c cos(2 7i fjt + 2T)+ 0 ,(t + 2T)) ■ ■ -(26) 

where y(i) is the sum of an optical transmission loss of each base station-optical receiver link, 
an insertion loss of the optical modulator in the base station, and other losses (y(i) » 1). 
[0064] 

The optical signal of the first and second terms on the right side of Formula (26) has 
a sufficient optical power because it is directly input from the optical transmitter to the optical 
receiver and hence has suffered no loss. Therefore, by square-law-detecting the optical 
signal of Formula (26) with the photodetector, the modulated optical signal (Formula (25)) 
transmitted from the base station can be received with high sensitivity as in the case of the 
optical heterodyne detection which is known as a high-sensitivity detection method. 
[0065] 

The electric field EifO) of the electrical signal having the intermediate frequencies fiFi 

and and output from the photodetector is given by the following formula: 

Eip(i) oc(m(i)/ y (i))' a i [A LO (i) ' A c -cos 6 -cos(2 n f IF1 t+ <]> x ) 
+ A LO (D" A c 'sin 0 -cos(2 n f , F2 t + <J> 2 )] 
= ( 1 /k(i)) • a s [ A to (i) • A c • cos d *cos(2 n fm%+ </> :i ) 

+ A L0 (i) -A G - sin 6 • eos(2 tc f m t + <i> 2 )] * * * (27) 

( <J> x = ± [4 k f cl T+ <f> jt+ 2T)- 4> 2 (t)] ) 
( 4 2 - ± [4 7t f cl T + t (t + 2T) - <f> Jxf] ) 

where and \|/2 are phase components of the respective electrical signals having the 
intermediate frequencies fiFi and fiF2, and 0 is an angle formed by the polarization direction of 
the modulated optical signal (Formula (25)) transmitted from the base station and the 
polarization direction of the optical signal represented by the first term of Formula (25) of the 
polarization-coupled optical signal that is output from the optical transmitter. And k(i) is a 
coefficient that depends on the optical fiber transmission length and the wireless 
transmission length of each link and represents an amplitude component of the modulated 
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optical signal. The coefficient k(i) satisfies the following formula: 

k(i> = y (i)/m(i) •••(28) 
[0066] 

The optical transmitter performs a control to keep the center frequencies of the first, 
second, and third single-mode optical signals at set values. Therefore, in each optical 
receiver, an electrical signal having stable intermediate frequencies fiFi and can be 
obtained without the need for using any of RF-band components and an automatic 
intermediate frequency controller that are complex in configuration. 
[0067] 

Further, since the output-power-controllable optical splitter of the optical 
transmitter controls the optical powers of the polarization-coupled optical signals that are 
transmitted to the respective optical receivers, it is possible to control the signal power of the 
electrical signal having the intermediate frequencies f^i and obtained as the output of the 
photodetector of each optical receiver. 
[0068] 

When envelope-detecting the electrical signal including the two waves having the 
intermediate frequencies fiFi and fiF2 and then causing a resulting detected signal to pass 
through the low-pass filter, the electric field EbbO) of an electrical signal obtained is given by 
the following formula: 

E BB (i) «(lXk(i)) ? a i 2 (A L o<O 2 A c 2 cos 4 0 + A LO (» 2 A c 2 sin 2 0 ) 
=< 1 /k(i)) 2 a 2 A LG (i) 2 A c 2 • • • (29) 

[0069] 

Since the polarization-coupled optical signal (Formula (24)) that is output from the 
optical transmitter has the orthogonal polarization directions and the same optical power, in 
each optical receiver the output signal power of the low-pass filter is insensitive to the 



polarization direction of the modulated optical signal (Formula (25)) that is transmitted from 
the base station. The same is true of an electrical signal that is obtained by the combiner or 
the delay-controllable combiner in the case where the eighth invention employs the optical 
receiver according to the third or fourth invention. 
5 [0070] 

(Ninth Invention) 

According to a ninth invention, the optical-wireless hybrid transmission system 
according to the fifth invention further includes an output-power-controllable optical splitter 
in place of the first optical splitter of the optical transmitter, being capable of individually 
10 setting optical powers of the optical carrier signals to be transmitted to the plural base 
stations, respectively as well as an output-power-controllable optical splitter used in place of 
the second optical splitter, being capable of individually setting optical powers of the 
polarization-coupled optical signals to be output to the plural optical receivers, respectively. 
[0071] 

15 In the ninth invention, the first single-mode optical signals are transmitted to the 

plural base stations at prescribed optical powers, respectively, and the polarization-coupled 
optical signals each including the two waves, that is, the second single-mode optical signal 
and the third single-mode optical signal, are output to the plural optical receivers at 
prescribed optical powers, respectively. 



20 [0072] 



The electric field E op t-c(i) of the optical signal transmitted to each base station and the 



electric field E O pt-Lo(0 of the polarization-coupled optical signal output to each optical receiver 
are given by the following formulae: 

Eopt-c (0 = A G (i) gos(2; 7i f cl t + 4> l (t)); (30) 

E opl - LO (D = A uo (i) cos(2 7i : f c2 t+ <t> 2 (t)) + A LO (i)(cos2 n f c3 t+ <£> ,(t)> -•(31) 
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/ 

[0073] 

Each of the base stations optical-intensity-modulates the optical signal (Formula 

(30) ) transmitted from the optical transmitter according to the RF signal transmitted from a 
wireless terminal, and transmits a resulting modulated optical signal to the optical receiver. 

5 The electric field Eopt-mod(i) of the modulated optical signal which has been modulated by 
binary amplitude shift keying and is transmitted to the optical receiver is given by the 
following formula: 

• Ac(i) eos(2 7i f rt (£ + T) + <t> - x ( t + T) ) - > - (32) 

where m(i) is an optical modulation index which depends on the signal power of the RF signal 
1 0 input to an optical modulator as well as on the wireless transmission length between the base 

station and the wireless terminal of each link. And T is a time taken for an optical 

) 

transmission between the central office and the base station, and ai (= 0 or 1) is an 

amplitude-modulation coefficient. 

[0074] 

1 5 Each of the optical receivers couples the polarization-coupled optical signal (Formula 

(31) ) output from the optical transmitter with the modulated optical signal (Formula (32)) 
transmitted from the base station, and then square-law-detects a resulting coupled optical 
signal with the photodetector. The electric field Eopt-co(i) of the coupled optical signal is given 
by the following formula: 

E opl . co (i) = A LO (i)cbs(2 7t f c2 t+ <j> 2 (t)) + A Ld (i)cos(2 n f c3 t + <*> 3 (t» 

+ (l/y (0) (l + m(i)a: COS 2 71 fRpt) 

2 0 -A e (i) cos(2 it f cl (t + 2T) + 4> t (t+ 2T)) • • • (33) 

where y(i) is the sum of an optical transmission loss of each base station-optical receiver link, 

an insertion loss of the optical modulator in the base station, and other losses (y(i) » 1). 
[0075] 
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The optical signal of the first and second terms on the right side of Formula (33) has 
a sufficient optical power because it is directly input from the optical transmitter to the optical 
receiver and hence has suffered no loss. Therefore, by square-law-detecting the optical 
signal of Formula (33) with the photodetector, the modulated optical signal (Formula (32)) 
5 transmitted from the base station can be received with high sensitivity as in the case of the 
optical heterodyne detection which is known as a high-sensitivity detection method. 
[0076] 

The electric field EifO) of the electrical signal having the intermediate frequencies fipi 

and and output from the photodetector is given by the following formula: 

E IF (i) ■oc(m(i)/y ■(i»- a i [A LO (i)-A c (0-.cos 8 -cos(2 tu f IF1 t+ </> J 
+A LO (i) " A G (i)*sin 0 - cos (2 tc f iF2 t + </> 2 )] 
= ( 1 /k(i)) • a i CA LO (i) • A c (0 • cos 0 « cos(2 n f j pi .t + <]> x ) 

+ A LO (i)-A e (i) - sin 0 -cos(2 it f, F2 t + 4 2 >] ••(34) 
( </) , = ± [4 n f cl T + ^ . i a+.2T)-* 2 (t)] ) 
1 Q (<]) 2 = ± [4 7i f cl T + ^ l (t + 2T)- j> 3 (t)] ) 

where and \|/2 are phase components of the respective electrical signals having the 
intermediate frequencies fiFi and fiF2, and 0 is an angle formed by the polarization direction of 
the modulated optical signal (Formula (32)) transmitted from the base station and the 
polarization direction of the optical signal represented by the first term of Formula (3 1 ) of the 
1 5 polarization-coupled optical signal that is output from the optical transmitter. And k(i) is a 
coefficient that depends on the optical fiber transmission length and the wireless 
transmission length of each link and represents an amplitude component of the modulated 
optical signal. The coefficient k(i) satisfies the following formula: 

k(i) = y (i)/m(i) (35) 
20 [0077] 

The optical transmitter performs a control to keep the frequencies of the first, 

second, and third single-mode optical signals at set values. Therefore, in each optical 
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receiver, an electrical signal having stable intermediate frequencies fin and can be 
obtained without the need for using any of RF-band components and an automatic 
intermediate frequency controller that are complex in configuration. 
[0078] 

Further, since the output-power-controllable optical splitters of the optical 
transmitter control the optical powers of the optical signals that are transmitted to the 
respective base stations and the optical powers of the polarization-coupled optical signals 
that are output to the respective optical receivers, it is possible to control the signal power of 
the electrical signal having the intermediate frequencies f| F i and obtained as the output of 
the photodetector of each optical receiver. 
[0079] 

When envelope-detecting the electrical signal including the two waves having the 
intermediate frequencies fiFi and f| F 2 and then causing a resulting detected signal to pass 
through the low-pass filter, the electric field EbbO) of an electrical signal obtained is given by 

the following formula: 

EbbO) ^ (1 /k(i))^ i HA LO (i) 2 A c (i) 2 cos 2 6 + A LO (i) 2 A c (0 2 sin 2 Q ) 
^a/ka))%|A LG (i) ? A c (i) 2 -(36) 

[0080] 

Since the polarization-coupled optical signal (Formula (31)) that is output from the 
optical transmitter has the orthogonal polarization directions and the same optical power, in 
each optical receiver the output signal power of the low-pass filter is insensitive to the 
polarization direction of the modulated optical signal that is transmitted from the base 
station. The same is true of an electrical signal that is obtained by the combiner or the 
delay-controllable combiner in the case where the ninth invention employs the optical 
receiver according to the third or fourth invention. 



[0081] 

(1 0th Invention) 

According to a 10th invention, the optical-wireless hybrid transmission system 
according to the sixth invention further includes an output-power-controllable optical 
splitter in place of the first optical splitter of the optical transmitter, being capable of 
individually setting optical powers of the optical carrier signals (polarization-coupled optical 
signals) to be transmitted to the plural base stations, respectively. 
[0082] 

In the 10th invention, the optical transmitter transmits the polarization-coupled 
optical signals each including the two waves, that is, the second single-mode optical signal 
and the third single-mode optical signal, to the plural base stations at prescribed optical 
powers, respectively, and outputs the first single-mode optical signals to the plural optical 
receivers. 
[0083] 

The electric field Eopt-c(i) of the optical signal transmitted to each base station and the 
electric field E op t-Lo(i) of the polarization-coupled optical signal output to each optical receiver 

are given by the following formulae: 

E opl - C (0 = A c (i)cos(2 7c f C2 t+ <j> 2 (t)) + A c (i)cos(2 k f C3 t+ <J> 3 (t)) •-■(37) 
EopHLoCO ^AlpCos<2 7tf a t+ <t> j$) -(38) 

where i is an identification number indicating each base station-optical receiver link, Ac(i) and 

Alo are electric amplitudes, and <f>i(t), ^(t), and <J>3(t) are phase-noise components of the 

output optical signals of the single-mode optical sources. The first and second terms on the 

right side of Formula (37) have orthogonal polarization directions and the same amplitude. 

[0084] 

Each of the base stations optical-intensity-modulates the polarization-coupled 



30 



optical signal (Formula (37)) transmitted from the optical transmitter according to the RF 

signal transmitted from a wireless terminal, and transmits a resulting modulated optical 

signal to the optical receiver. The electric field E op t-mod(i) of the modulated optical signal 

which has been modulated by binary amplitude shift keying and is transmitted to the optical 

5 receiver is given by the following formula: 

Eopt-mod 0) * (1 + aj.cos2 n f ^O 

• [A c (i)cos(2 k f C2 (t + T) + <f> 2 (t + T)) 

+ A c (i)cos(2 n f C3 (t + T) + d> 3 (t + T)) ] • • (39) 

where m(i) is an optical modulation index which depends on the signal power of the RF signal 

that is input to an optical modulator as well as on the wireless transmission length between 

the base station and the wireless terminal of each link. And T is a time taken for an optical 

10 transmission between the central office and the base station, and ai (= 0 or 1) is an 

amplitude-modulation coefficient. 

[0085] 

Each of the optical receivers couples the optical signal (Formula (38)) that is output 
from the optical transmitter with the modulated optical signal (Formula (39)) transmitted from 
15 the base station, and then square-law-detects a resulting coupled optical signal with the 
photodetector. The electric field E op t-co of the coupled optical signal is given by the following 

formula: 

E opt -Ji) = A L0 cos(2;7c :f cl t + <t> 

+ (1/ y (i))(l +ma r cos2 it f RF t) 

• [A c (i)cos(2 7i f C2 (t+2T)+ <t> 2 (t + 2T)) 

+ Ac(i)cos(2 it fe 3 (t + 2T) + <t> 3 (t + 2T)) ] • ♦ (40) 

where y(\) is the sum of an optical transmission loss of each base station-optical receiver link, 

20 an insertion loss of the optical modulator in the base station, and other losses (y(i) » 1). 

[0086] 

The optical signal of the first term on the right side of Formula (40) has a sufficient 
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optical power because it is directly input from the optical transmitter to the optical receiver 
and hence has suffered no loss. Therefore, by square-law-detecting the optical signal of 
Formula (40) with the photodetector, the modulated optical signal (Formula (39)) transmitted 
from the base station can be received with high sensitivity as in the case of the optical 
5 heterodyne detection which is known as a high-sensitivity detection method. 
[0087] 

The electric field Eif(0 of the electrical signal including the two waves having the 
intermediate frequencies fiFi and fiF2 and output from the photodetector is given by the 
following formula: 

E,p(i) oc(m(i)/ y (i))- a t [A G (i) • Alq ' cos 6 -gos(2 nf lFi t+ <J> t ) 
+ A c (i) • A LO * sin & • cos(2 it f IF2 t + <]> 2 ) ] ~ ' (4 1) 
( 0 :i = ± [4 rz f C2 T + <t> 2 (t+ 2T)~ <t> 0] ) 
10 ( <i> 2 . -= ± [4 n f C3 T4- <j> 3 (t + 2T) - <t> t (t)] ) 

where vj/i and \|/2 are phase components of the respective electrical signals having the 
intermediate frequencies fiFi and fiF2, and 0 is an angle formed by the polarization direction of 
the modulated optical signal (Formula (39)) transmitted from the base station and the 
polarization direction of the optical signal represented by the first term of Formula (37) of the 
1 5 polarization-coupled optical signal that is transmitted from the optical transmitter. And k(i) 
is a coefficient that depends on the optical fiber transmission length and the wireless 
transmission length of each link and represents an amplitude component of the modulated 
optical signal. The coefficient k(i) satisfies the following formula: 

Hi) = y (i)/m(i) — (42) 

20 [0088] 

The optical transmitter performs a control to keep the center frequencies of the first, 
second, and third single-mode optical signals at set values. Therefore, in each optical 
receiver, an electrical signal having stable intermediate frequencies fiFi and fiF2 can be 
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obtained without the need for using any of RF-band components and an automatic 

intermediate frequency controller that are complex in configuration. 

[0089] 

Further, since the output-power-controllable optical splitter of the optical 
5 transmitter controls the optical powers of the polarization coupled optical signals that are 
transmitted to the respective base stations, it is possible to control the signal power of the 
electrical signal having the intermediate frequencies fipi and obtained as the output of the 
photodetector of each optical receiver. 
[0090] 

10 When envelope-detecting the electrical signal including the two waves having the 

intermediate frequencies fiFi and fiF2 and then causing a resulting detected signal to pass 
through the low-pass filter, the electric field Ebb(0 of an electrical signal obtained is given by 
the following formula: 

E BB (i) oc (I /k(i)) 2 a i 2 (A c (i) 2 • A lo 2 • cos 2; 6 + A G (i) 2 - A LG 2 -sin 2 6 ) 
=(l/k(i)) 2 afAc(i) 2 A^ 2 • ••(43) 

15 [0091] 

Since the polarization-coupled optical signal (Formula (37)) that is output from the 
optical transmitter has the orthogonal polarization directions and the same optical power, the 
output signal power of the low-pass filter is insensitive to the polarization direction of the 
modulated optical signal (Formula (39)) that is transmitted from the base station. The same 
20 is true of an electrical signal that is obtained by the combiner or the delay-controllable 
combiner in the case where the 10th invention employs the optical receiver according to the 
third or fourth invention. 
[0092] 

(1 1 th Invention) 
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According to an 11th invention, the optical-wireless hybrid transmission system 
according to the sixth invention further includes an output-power-controllable optical 
splitter in place of the second optical splitter of the optical transmitter, being capable of 
individually setting optical powers of the first single-mode optical signals to be output to the 
plural optical receivers, respectively. 
[0093] 

In the 10th invention, the optical transmitter transmits, to the plural base stations, 
the polarization-coupled optical signals each including the two waves, that is, the second 
single-mode optical signal and the third single-mode optical signal, and outputs the first 
single-mode optical signals to the plural optical receivers at prescribed optical powers, 
respectively. 
[0094] 

The electric field E op t-c(i) of the polarization-coupled optical signal transmitted to 
each base station and the electric field E op t-i_o(i) of the optical signal output to each optical 
receiver are given by the following formulae: 

E opt - G (0 — Ae cos(2 k I m t + <f> 2 (t)) + A c cos(2 it f c3 t + # 3 (t)> * - •(44) 
E ppl . L0 (i) =A L o(i) cos(2 it. f cl t+ <f> ><t)) -(45) 

where i is an identification number indicating each base station-optical receiver link, Ac and 
AloO) are electric amplitudes, and <)>i(t), (Mt), and <bs(t) are phase-noise components of the 
output optical signals of the single-mode optical sources. The first and second terms on the 
right side of Formula (45) have orthogonal polarization directions and the same amplitude. 
[0095] 

Each of the base stations optical-intensity-modulates the polarization-coupled 
optical signal (Formula (44)) transmitted from the optical transmitter according to the RF 
signal transmitted from a wireless terminal, and transmits a resulting modulated optical 
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signal to the optical receiver. The electric field E op t-mod(i) of the modulated optical signal 
which has been modulated by binary amplitude shift keying and is transmitted to the optical 
receiver is given by the following formula: 

Eo Pt - raod (0 * (l + m(i) a { eos2 n f OT t) 

• [A c cos(2 7i f C2 (t + T)+ <f> 2 (t+T)> 

+ A G eos(2 7tf C3 (t + T)+ <f> 3 (t + T» J • ••(46) 

where m(i) is an optical modulation index which depends on the signal power of the RF signal 

that is input to an optical modulator as well as on the wireless transmission length between 

the base station and the wireless terminal of each link. And T is a time taken for an optical 

transmission between the central office and the base station, and ai (= 0 or 1) is an 

amplitude-modulation coefficient. 

[0096] 

Each of the optical receivers couples the polarization-coupled optical signal (Formula 
(44)) that is output from the optical transmitter with the modulated optical signal (Formula 
(46)) transmitted from the base station, and then square-law-detects a resulting coupled 
optical signal with the photodetector. The electric field E op t-co of the coupled optical signal is 

given by the following formula: 

E opt _ co (i) =A LO (i) cos(2 7i f ci t+ <t> .(i)) 

+ (1/ y (OKI + maj cos 2 it f^t) 

• [A c cos(2 7t f C2 ( t + 2T) + 0 2 (t+ 2T)) 

+ A c cos(2 7t f c3 (t + 2T) + <p 3 (%+ 2T)> ] -(47) 

where y(i) is the sum of an optical transmission loss of each base station-optical receiver link, 
an insertion loss of the optical modulator in the base station, and other losses (y(i) » 1). 
[0097] 

The optical signal of the first term on the right side of Formula (47) has a sufficient 
optical power because it is directly input from the optical transmitter to the optical receiver 
and hence has suffered no loss. Therefore, by square-law-detecting the optical signal of 



Formula (47) with the photodetector, the modulated optical signal (Formula (46)) transmitted 
from the base station can be received with high sensitivity as in the case of the optical 
heterodyne detection which is known as a high-sensitivity detection method. 
[0098] 

The electric field Eif(i) of the electrical signal including the two waves having the 
intermediate frequencies fiFi and and output from the photodetector is given by the 
following formula: 

£%(i) oe(m(i)/ y (D) • a • [A c - A LO (i) -cos 6 vcos(2 jt f IF1 t+ (J> t ) 
+ A c ' A LO (i) • sin 6 vcps(2 .n f JF2 t + <p 2 ) ] >> ■ (48) 

U , -:± [4 7i f C2 T+ 0 ,(t + 2T)- <f> &)] ) 
( 0 2 — ± [4 7T f C3 T+ 0 3 (t-h2T)- ^ .(t)] ) 

where and \j/2 are phase components of the respective electrical signals having the 
intermediate frequencies f^i and fiF2, and 0 is an angle formed by the polarization direction of 
the modulated optical signal (Formula (46)) transmitted from the base station and the 
polarization direction of the optical signal represented by the first term of Formula (44) of the 
polarization-coupled optical signal that is output from the optical transmitter. And k(i) is a 
^coefficient that depends on the optical fiber transmission length and the wireless 
/transmission length of each link and represents an amplitude component of the modulated 
optical signal. The coefficient k(i) satisfies the following formula: 

k(i) = y ®/mW ••• (49) 

[0099] 

The optical transmitter performs a control to keep the center frequencies of the first, 
second, and third single-mode optical signals at set values. Therefore, in each optical 
receiver, an electrical signal having stable intermediate frequencies fiFi and can be 
obtained without the need for using any of RF-band components and an automatic 
intermediate frequency controller that are complex in configuration. 
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[0100] 

Further, since the output-power-controllable optical splitter of the optical 
transmitter controls the optical powers of the polarization-coupled optical signals that are 
transmitted to the respective base stations, it is possible to control the signal power of the 
5 electrical signal having the intermediate frequencies fiFi and fn=2 obtained as the output of the 
photodetector of each optical receiver. 
[0101] 

When envelope-detecting the electrical signal including the two waves having the 

intermediate frequencies fin and and then causing a resulting detected signal to pass 

10 through the low-pass filter, the electric field EbbO) of an electrical signal obtained is given by 

the following formula: 

EbbO) /k(i))V<A c 2 • A LO (i) 2 ♦ cos 2 6 + A G 2 • A LO (i) 2 • sin 2 & ) 
- (1 /k(i» 2 a f A c 2 A LQ (0 2 * -(50) 

[0102] 

Since the polarization-coupled optical signal (Formula (44)) that is transmitted from 
1 5 the optical transmitter has the orthogonal polarization directions and the same optical power, 
the output signal power of the low-pass filter is insensitive to the polarization direction of the 
modulated optical signal (Formula (46)) that is transmitted from the base station. The same 
is true of an electrical signal that is obtained by the combiner or the delay-controllable 
combiner in the case where the 1 1th invention employs the optical receiver according to the 
20 third or fourth invention. 
[0103] 

(1 2th Invention) 

According to a 12th invention, the optical-wireless hybrid transmission system 
according to the sixth invention further includes an output-power-controllable optical 
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splitter in place of the first optical splitter of the optical transmitter, being capable of 
individually setting optical powers of the optical carrier signals (polarization-coupled optical 
signals) to be transmitted to the plural base stations, respectively as well as an 
output-power-controllable optical splitter in place of the second optical splitter, being 
5 capable of individually setting optical powers of the first single-mode optical signals to be 
output to the plural optical receivers, respectively. 
[0104] 

In the 12th invention, the optical transmitter transmits the polarization-coupled 
optical signals each including the two waves, that is, the second single-mode optical signal 
10 and the third single-mode optical signal, to the plural base stations at prescribed optical 
powers, respectively, and outputs the first single-mode optical signals to the plural optical 
receivers at prescribed optical powers, respectively. 
[0105] 

The electric field E op t-c(i) of the polarization-coupled optical signal transmitted to 

1 5 each base station and the electric field E op t-Lo(i) of the optical signal output to each optical 

receiver are given by the following formulae: 

E opl . c (i) =A c (i)cos(2 7c f G2 t+ 4> 2 (t)) + A c (i)cds(2 n f C3 t+ d> 3 (t)) —(51) 
E 6pi . LO (i) =A LO (i) cos(2 7u f Gl t+ <f> L (t» • ••(52) 

[0106] 

Each of the base stations optical-intensity-modulates the optical signal (Formula 
20 (51)) transmitted from the optical transmitter according to the RF signal transmitted from a 
wireless terminal, and transmits a resulting modulated optical signal to the optical receiver. 
The electric field E op t-mod(i) of the modulated optical signal which has been modulated by 
binary amplitude shift keying and is transmitted to the optical receiver is given by the 
following formula: 
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E opt . mod (i) (1 +m(i)a i cos2 n f RF t) 

• [A e (i) eos(2 n f c2 (t + T) + <f> 2 (t + T)) 

+ A G (i) cos(2 7t f c3 (t + T) + <}> 3 (t + T))] • • (53) 

where m(i) is an optical modulation index which depends on the signal power of the RF signal 
that is input to an optical modulator as well as on the wireless transmission length between 
the base station and the wireless terminal of each link. And T is a time taken for an optical 
transmission between the central office and the base station, and a; (= 0 or 1) is an 
amplitude-modulation coefficient. 
[0107] 

Each of the optical receivers couples the optical signal (Formula (52)) that is output 
from the optical transmitter with the modulated optical signal (Formula (53)) transmitted from 
the base station, and then square-law-detects a resulting coupled optical signal with the 
photodetector. The electric field E op t-co(i) of the coupled optical signal is given by the 

following formula: 

E opt _ 90 (i) =A LO (i) cos(2 7if cl t+ <t> L (t» 

+ (1 / y (i))(l +ma i cos 2 n f RF t) 

• [A c (i> cos(2 iz f G2 (t+2T) + <t> 2(t + 2T)) 

+ A c (i) cos(2 7i f G3 (t + 2T) + <t> 3 (t + 2T)) ] - -(54) 

where y(i) is the sum of an optical transmission loss of each base station-optical receiver link, 
an insertion loss of the optical modulator in the base station, and other losses (y(i) » 1). 
[0108] 

The optical signal of the first term on the right side of Formula (54) has a sufficient 
optical power because it is directly input from the optical transmitter to the optical receiver 
and hence has suffered no loss. Therefore, by square-law-detecting the optical signal of 
Formula (54) with the photodetector, the modulated optical signal (Formula (53)) transmitted 
from the base station can be received with high sensitivity as in the case of the optical 
heterodyne detection which is known as a high-sensitivity detection method. 
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[0109] 

The electric field Eif(0 of the electrical signal having the intermediate frequencies fiFi 
and that is output from the photodetector is given by the following formula: 

E 1F (i) cc(m(i)/ y (i))'a i [A LO (i)-A c (i)- cos 6 • cgs(2 it f. jF1 t+ <J>. ,) 
f A, G (i) • A c (i) • sin 6 • eos(2 n i , F2 t 4- <!> 2 )] 
= ( 1 /k(i))a, ; [ A LO (i) • A c (i) • cos 8 -cos(2 7if IF it + </> ,) 

+ A!.oO)'A c (i)-sin 0 • eos(2 jt J IF2 t 4- <fr 2 ]Q •••(55) 
(</> , =± [4 7c f c2 T+ * 2 (t f-2T)- 0 jCtU ) 
(0 2 =± [4 k f c3 T 4- 0 ,(t+ 2T)- 0 ,(t)] ) 

5 where and \|/2 are phase components of the respective electrical signals having the 

intermediate frequencies fipi and fiF2, and 9 is an angle formed by the polarization direction of 

the modulated optical signal (Formula (53)) transmitted from the base station and the 

polarization direction of the optical signal represented by the first term of Formula (5 1 ) of the 

polarization-coupled optical signal that is transmitted from the optical transmitter. And k(i) 

10 is a coefficient that depends on the optical fiber transmission length and the wireless 

transmission length of each link and represents an amplitude component of the modulated 

optical signal. The coefficient k(i) satisfies the following formula: 

k(i) ^ y ©/k© • • - C56) 

[0110] 

1 5 The optical transmitter performs a control to keep the frequencies of the first, 

second, and third single-mode optical signals at set values. Therefore, in each optical 
receiver, an electrical signal having stable intermediate frequencies f^i and can be 
obtained without the need for using any of RF-band components and an automatic 
intermediate frequency controller that are complex in configuration. 

20 [0111] 

Further, since the output-power-controllable optical splitters of the optical 
transmitter control the optical powers of the polarization-coupled optical signals that are 
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transmitted to the respective base stations and the optical powers of the optical signals that 
are output to the respective optical receivers, it is possible to control the signal power of the 
electrical signal having the intermediate frequencies fiFi and obtained as the output of the 
photodetector of each optical receiver. 
5 [0112] 

When envelope-detecting electrical signal including the two waves having the 
intermediate frequencies fiFi and fiF2 and then causing a resulting detected signal to pass 
through the low-pass filter, the electric field EbbO) of an electrical signal obtained is given by 
the following formula: 

E B b(i) <* (1 /kCO^a^oCD^cO^cos 2 6 -f A L o(i) 2 AG(i) 2 sin 2 6 ) 
l Q -(l/k(i)) 2 a^A LO (i) 2 A c (i) 2 -(57) 

[0113] 

Since the polarization-coupled optical signal (Formula (51)) that is transmitted from 
the optical transmitter has the orthogonal polarization directions and the same optical power, 
in each optical receiver the output signal power of the low-pass filter is insensitive to the 
1 5 polarization direction of the modulated optical signal (Formula (53)) that is transmitted from 
the base station. The same is true of an electrical signal that is obtained by the combiner or 
the delay-controllable combiner in the case where the 1 2th invention employs the optical 
receiver according to the third or fourth invention. 
[0114] 
20 (13th Invention) 

According to a 13th invention, in the optical-wireless hybrid transmission system 
according to any one of the seventh to 12th inventions, the output-power-controllable 
optical splitter/splitters of the optical transmitter sets/set the optical powers of the split 
optical signals so that an signal power of the electrical signal having the intermediate 
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frequencies fiFi and and output from the photodetector of the optical receiver is made 
constant irrespective of an optical power of the optical signal received from the base station. 
[0115] 

In the seventh to 12th inventions, the electric fields EifO) of the electrical signals 
5 including the two waves having the intermediate frequencies fipi and and output from the 
photodetectors are represented by Formulae (20), (27), (34), (41), (48,) and (55) and their 
signal powers PifO) are given by the following formulae: 

P IF (i) <x (1 /k(i))V A L o 2 A C (D 2: • • 

P IF (i) (1 /k(i)) 2 a 2 A L o(i) 2 Ac 2 - (59) 

P IF (i) oc (1 /k(i)) 2 a 2 A LO (i) 2 A c (i) 2 -(60) 

P| F (i) ^(:i/k(i)) 2 a 5 2 A c (i) 2 A L0 2 -(61) 

P iF (i) (l/k(i)) 2 a 2 A G 2 A LO (i) 2 - m) 

P 1F (0 cc (l /m?*? Ac(i) 2 A LO (i) 2 (63) 

[01 16] 

10 Therefore, the signal power of the electrical signal having the intermediate 

frequencies fiFi and that is output from the photodetector of each optical receiver can be 
kept constant irrespective of the optical fiber transmission length and the wireless 
transmission length by controlling the optical power of the optical carrier signal to be 
transmitted to each base station and/or the optical signal to be output to each optical receiver 

1 5 so that A c (i)/k(i), Ai_o(i)/k(i), or ALo(i)A c (i)/k(i) is made constant. With this measure, an 
intermediate frequency electrical signal that is constant in power is output, which makes it 
unnecessary to adjust the gain of an amplifier at an intermediate frequency. As a result, a 
wide dynamic range can be secured without being restricted by the performance of such an 
intermediate frequency gain adjustment. 

20 [0117] 

(14th Invention) 

According to a 14th invention, in the optical-wireless hybrid transmission system 
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according to any one of the seventh to 12th inventions, the output-power-controllable 
optical splitter/splitters of the optical transmitter sets/set the optical powers of the optical 
carrier signals to be transmitted to the respective base stations and /or the optical signals to 
be output to the respective optical receivers so that signal powers of the electrical signals 
having the intermediate frequencies fiFi and and output from the photodetectors of the 
optical receivers are made uniform for all the optical receivers. 
[0118] 

For example, in the configuration as in the eighth invention in which the split first 
single-mode optical signals are transmitted to the plural base stations and the 
polarization-coupled optical signals are output to the plural optical receivers at prescribed 
optical powers, respectively, a condition for receiving the transmission signal from each base 
station with high quality is defined as the following inequality corresponding to Formula (59): 

A LO (i) A c ./k(i) -(64) 
[0119] 

Let N represent the number of links and assume that the maximum value of the 
modulated optical signal amplitude coefficient k(i) is k m ax: 

l^iSK, Hi) --(65) 

[0120] 

In the first to sixth inventions, the optical signal powers distributed to the respective 
optical receivers by the optical transmitter are the same. Therefore, for Inequality (64) to be 
satisfied for every link, it is necessary to distribute, to all the links, an optical signal power 
that is sufficiently high to provide a good reception characteristic even in the case where the 
power of the optical signal transmitted from the base station is minimal. 

A LQ (i)A c /k m8X ^ A* • • (66) 

[0121] 



Therefore, the total P a ii of the optical signal powers supplied from the optical 
transmitter to all the optical receivers is given by 

P ali ^ £ R{ A LO (i)} 2 [i=l~N] 

= (RA lh 2 /A c 2 )-kjN -(67) 

where R is a proportionality constant. 
[0122] 

On the other hand, in this invention, the total P a ii' of the optical signal powers 

supplied to all the optical receivers is given by 

P aI1 ' s£ SRU lo (0} 2 [i = l~N] 

~ (RA th 2 /A c 2 ) • E {k(i)} 2 [i=l ~N] • • -168) 

[0123] 

From Inequalities (65), the relationship 

S { k(i) } 2 Ei=l~N] Sk m9Jl 2 N -"(69) 

holds apparently. Therefore, the following inequality holds: 

Pa/ ^ Pa,, ' * * (70) 

[0124] 

That is, according to this invention, the same number of links can be accommodated 
with a lower optical signal power than in the first to sixth inventions. This effect can be 
expressed by the following formula as a share-effect coefficient a: 

a = P all/Pall 

= (k max 2 N) / ( E ik®} 2 U= 1 ~N] ) m 1 (71) 

It is therefore concluded that this method makes it possible to accommodate base 
station-optical receiver links that are a times larger in number than in the first to sixth 
inventions. 
[0125] 

To show a specific effect, a will be calculated for an example in which the modulated 

44 



optical signal loss coefficient k(i) in each base station-optical receiver link is represented by 
the following formula: 



(k max 2 = Nk 0 2 ) 



[0126] 



For example, Formula (72) holds in the case where the central office and the N base 



stations are located at equal intervals from each other and all the base stations have the same 
wireless transmission length. 

Applying these conditions to Formula (71), we obtain 

a « (k m J N) / ( E { k(i) } 2 [i = 1 
= ( Nk 0 2 • N) / ( £ iV [i= 1 - 

= (N 2 )/(NCN + 1) /2) = 2/(1 4- (1/N) ) < 2 



10 [0127] 



This result shows that the gain with respect to the first to sixth inventions varies 



depending on the value of N and amounts to about 3 dB. That is, this invention makes it 
possible to accommodate base station-optical receiver links that are a little less than 2 times 
larger in number than in the conventional techniques. 



15 [0128] 



As described above, according to this invention, as the number of links to which 



optical signals can be distributed increases, a more remarkable share effect can be obtained 

and the cost of the entire system can thereby be reduced. 

[0129] 

20 The same effect is also obtained in the case of adjusting the optical powers of the 

optical signals to be transmitted to the base stations or the optical signals to be output to the 
optical receivers in any of the seventh, ninth, 10th, and 1 1th inventions. 
[0130] 
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(1 5th Invention) 

According to a 15th invention, in the optical-wireless hybrid transmission system 
according to any one of the seventh to 12th inventions, the output-power-controllable 
optical splitter/splitters of the optical transmitter sets/set the optical powers of the optical 
carrier signals to be transmitted to the respective base stations and/or the optical signals to 
be output to the respective optical receivers so that signal-to-noise ratios of the electrical 
signals having the intermediate frequencies fiFi and fiF2 and output from the photodetectors of 
the optical receivers are made uniform for all the optical receivers. 



For example, in the configuration in which as in the eighth invention the split first 
single-mode optical signals are transmitted to the plural base stations and the 
polarization-coupled optical signals are output to the plural optical receivers at prescribed 
optical powers, respectively, the signal-to-noise ratio SNR of the electrical signal that is 
output from the photodetector of each optical receiver can be represented by the following 
formula: 



where S is the sensitivity of the photodetector, P s (i) is the optical power of an SSB component 
of each link, Rl is the load resistance, e is the magnitude of the electronic charge, k is 
Boltzmann's constant, T is the temperature, F is the noise figure of the optical receiver, B is 
the signal bandwidth, and G(x) is the following function: 



A condition for receiving a transmission signal from the base station with high 



[0131] 






[0132] 
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20 



quality in each link is defined by the following inequality: 

G(P LO (i))^SNR th XP s (i) • • • (76) 

where SNRth is a required signal-to-noise ratio. 



[0133] 



In the first to sixth inventions, the optical signal intensities that are distributed to the 



respective optical receivers by the optical transmitter are the same. Therefore, for Inequality 
(76) to be satisfied for every link, it is necessary to distribute, to all the links, an optical signal 
power that is sufficiently high to provide a good reception characteristic even in the case 
where the power of the optical signal transmitted from the base station is minimal. 



10 [0134] 



Let Ps-min represent the optical power of an SSB component of a link that suffers a 



largest loss (k(i) = kmax); then, the total P a n of the optical signal powers supplied from the 
optical transmitter to all the optical receivers is given by 



Pa,: « £ -GF* (SNP^/P^ ) Ci = 1 

=G- 1 (SNR th /P s . min )-N 



15 [0135] 



On the other hand, in this invention, the total P a n' of the optical signal powers 





supplied to all the optical receivers is given by 

P all ' = EG^CSNR^/P, CO ) 0=1- 

Since 

dG(x) /dx=(d/dx) (S 2 x/(N iho ,x + N temil )) 

= S 2 N lherm8l / (N shot x + N thenn8l ) 2 > 0 

G(PloO)) increases monotonously with respect to PloO). Therefore, the following inequality 



holds: 



- 1 (SNFU/P, (i) ) ^G-'^SN^/P^ ) 
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Therefore, the relationship 

P.,, ' Si P a „ • •(81) 

holds apparently. As in the case of the 14th invention, the same number of links can be 
accommodated with a lower optical signal power than in the first to sixth inventions and 
5 hence the cost of the entire system can be reduced. 
[0136] 

The same effect is also obtained in the case of adjusting the optical powers of the 
optical signals to be transmitted to the base stations or the optical signals to be output to the 
optical receivers in any of the seventh, ninth, and 10th to 12th inventions. 
10 [0137] 

(16th Invention) 

A 16th invention is directed to an optical-wireless hybrid transmission method in 
which a central office has an optical transmitter and an optical receiver, the optical transmitter 
transmits an optical carrier signal to a base station via an optical transmission line, the base 

15 station receives an RF signal (frequency: fRF) that is modulated according to transmit-data, 
optically modulates the optical carrier signal according to the received RF signal, and 
transmits a resulting modulated optical signal to the central office via an optical transmission 
line, and the optical receiver receives and demodulates the modulated optical signal and 
reproduces the transmit-data. The 1 6th invention is characterized in the optical transmitter 

20 and the optical receiver. 
[0138] 

The optical transmitter transmits a first single-mode optical signal (center 
frequency: fci) to the base station as the optical carrier signal, outputs, to the optical receiver, 
a polarization-coupled optical signal obtained by orthogonal-polarization-coupling a second 



48 



single-mode optical signal (center frequency: fc2) with a third single-mode optical signal 
(center frequency: fa) so as to give the two waves orthogonal polarization directions and the 
same optical power, and controls the center frequencies fci, fo, and fc3 of the first, second, 
and third single-mode optical signals so that they satisfy 

I fci fc2 I ™fRp~ f IFt 
I fci ^C3 I — f rf — f IF2I 

where fRF is the frequency of the RF signal and fiFi and are prescribed intermediate 

frequencies. 

[0139] 

The optical receiver couples the modulated optical signal transmitted from the base 
station with the polarization-coupled optical signal that is output from the optical transmitter, 
demodulates an electrical signal having the intermediate frequencies fiFi and fiF2 that is 
obtained by photodetecting a resulting coupled optical signal, and generates the 
transmit-data by filtering a resulting output signal. 
[0140] 

(1 7th Invention) 

A 17th invention is directed to an optical-wireless hybrid transmission method in 
which a central office has an optical transmitter and an optical receiver, the optical transmitter 
transmits an optical carrier signal to a base station via an optical transmission line, the base 
station receives an RF signal (frequency: fRp) that is modulated according to transmit-data, 
optically modulates the optical carrier signal according to the received RF signal, and 
transmits a resulting modulated optical signal to the central office via an optical transmission 
line, and the optical receiver receives and demodulates the modulated optical signal and 
reproduces the transmit-data. The 1 7th invention is characterized in the optical transmitter 
and the optical receiver. 



[0141] 



The optical transmitter outputs a first single-mode optical signal (center frequency: 
fci) to the optical receiver, generates a polarization-coupled optical signal by 
orthogonal-polarization-coupling a second single-mode optical signal (center frequency: fc2) 
with a third single-mode optical signal (center frequency: fc3> so as to give the two waves 
orthogonal polarization directions and the same optical power, transmits the generated 
polarization-coupled optical signal to the base station as the optical carrier signal, and 
controls the center frequencies fci, fc2, and fc3 of the first, second, and third single-mode 
optical signals so that they satisfy 

I fei^fcz I = f rf i fiFi 



where fRF is the frequency of the RF signal and fiFi and fiF2 are prescribed intermediate 
frequencies. 



The optical receiver couples the modulated optical signal transmitted from the base 
station with the optical signal output from the optical transmitter, demodulates an electrical 
signal having the intermediate frequencies fiFi and fiF2 that is obtained by photodetecting a 
resulting coupled optical signal, and generates the transmit-data by filtering a resulting 
output signal. 
[0143] 

(1 8th Invention) 

According to an 18th invention, in the 16 or 17th invention, the optical receiver 
separates electrical signals having the intermediate frequencies fiFi and fiF2 from each other, 
individually demodulates the electrical signal having the intermediate frequency f if i and the 
electrical signal having the intermediate frequency fe, and generates the transmit-data by 




[0142] 
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combining resulting output signals with each other. 
[0144] 

(1 9th Invention) 

According to a 19th invention, in the 16 or 17th invention, the optical receiver 
5 separates electrical signals having the intermediate frequencies f ifi and from each other, 
individually demodulates the electrical signal having the intermediate frequency fipi and the 
electrical signal having the intermediate frequency fiF2, and generates the transmit-data by 
combining resulting output signals with each other after equalizing their phases. 



1 0 ADVANTAGES OF THE INVENTION 

[0145] 

The optical-wireless hybrid transmission system according to the invention is 
configured such that the base station transmits a modulated optical signal that is modulated 
according to an RF signal and the optical receiver of the central office receives it. Therein, 

15 without provision an optical modulator, optical amplifier, automatic intermediate frequency 
controller, polarization-fluctuation compensation circuit, or the like of an RF band in the 
optical receiver, a modulated signal having stable intermediate frequencies is obtainable by a 
single photodetector. As such, the optical-wireless hybrid transmission system inexpensive 
and simple in configuration can receive with high sensitivity a modulated optical signal 

20 transmitted from the base station, achieving expansion of a wireless area and reduction of the 
system cost. 
[0146] 

Further, the optical-wireless hybrid transmission system according to the invention 
can suppress an output variation of the optical receiver and thereby increase the dynamic 
25 range by controlling the optical powers of optical signals that are supplied from the optical 
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transmitter of the central office to the base station and the optical receiver. Still further, it 
can prevent a surplus or shortage of optical power from occurring in part of the links by 
controlling the optical powers allocated to base station-optical receiver links. This allows a 
single optical transmitter to accommodate more base station-optical receiver links. 

5 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0147] 

[Fig. 1] Fig. 1 shows an optical-wireless hybrid transmission system according to a 
first embodiment of the present invention. 
10 [Fig. 2] Fig. 2 shows an exemplary configuration of a polarization coupling part. 

[Fig. 3] Fig. 3 shows a first exemplary configuration of an optical receiver 120(A). 
[Fig. 4] Fig. 4 shows a second exemplary configuration of the optical receiver 1 20(A). 
[Fig. 5] Fig. 5 shows a third exemplary configuration of the optical receiver 120(A). 
[Fig. 6] Fig. 6 shows exemplary frequency spectra of respective signals in the first 
1 5 embodiment and the first exemplary configuration of the optical receiver 1 20(A). 

[Fig. 7] Fig. 7 shows exemplary frequency spectra of respective signals in the first 
embodiment and the second or third exemplary configuration of the optical receiver 1 20(A). 

[Fig. 8] Fig. 8 is a time chart of individual signals in the first embodiment and the 
third exemplary configuration of the optical receiver 120(A). 
20 [Fig. 9] Fig. 9 shows an optical-wireless hybrid transmission system according to a 

second embodiment of the invention. 

[Fig. 10] Fig. 10 shows an exemplary configuration of a polarization coupling part. 
[Fig. 1 1] Fig. 1 1 shows a first exemplary configuration of an optical receiver 1 20(B). 
[Fig. 12] Fig. 12 shows a second exemplary configuration of the optical receiver 

25 120(B). 
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[Fig. 1 3] Fig. 1 3 shows a third exemplary configuration of the optical receiver 1 20(B). 

[Fig. 14] Fig. 14 shows exemplary frequency spectra of respective signals in the 
second embodiment and the first exemplary configuration of the optical receiver 120(B). 

[Fig. 15] Fig. 15 shows exemplary frequency spectra of respective signals in the 
second embodiment and the second or third exemplary configuration of the optical receiver 
120(B). 

[Fig. 1 6] Fig. 1 6 is a time chart of individual signals in the second embodiment and 
the third exemplary configuration of the optical receiver 1 20(B). 

[Fig. 1 7] Fig. 1 7 shows an optical-wireless hybrid transmission system according to a 
third embodiment of the invention. 

[Fig. 1 8] Fig. 1 8 shows an optical-wireless hybrid transmission system according to a 
fourth embodiment of the invention. 

[Fig. 19] Fig. 19 shows an optical-wireless hybrid transmission system according to a 
fifth embodiment of the invention. 

[Fig. 20] Fig. 20 shows an optical-wireless hybrid transmission system according to a 
sixth embodiment of the invention. 

[Fig. 21] Fig. 21 shows an optical-wireless hybrid transmission system according to a 
seventh embodiment of the invention. 

[Fig. 22] Fig. 22 shows exemplary frequency spectra of respective signals in the fifth 
to seventh embodiments. 

[Fig. 23] Fig. 23 shows an optical-wireless hybrid transmission system according to 
an eighth embodiment of the invention. 

[Fig. 24] Fig. 24 shows an optical-wireless hybrid transmission system according to a 
ninth embodiment of the invention. 

[Fig. 25] Fig. 25 shows an optical-wireless hybrid transmission system according to a 



10th embodiment of the invention. 

[Fig. 26] Fig. 26 shows exemplary frequency spectra of respective signals in the 
eighth to 10th embodiments. 

[Fig. 27] Fig. 27 shows an exemplary configuration of a conventional optical-wireless 
hybrid transmission system. 

[Fig. 28] Fig. 28 shows an exemplary configuration of an optical receiver. 

[Fig. 29] Fig. 29 shows exemplary frequency spectra of respective signals in the 
conventional optical-wireless hybrid transmission system. 

BEST MODE FOR CARRYING OUT THE INVENTION 

[0148] 

(First Embodiment) 

Fig. 1 shows an optical-wireless hybrid transmission system according to a first 
embodiment of the present invention. In this embodiment, a description will be made of an 
exemplary configuration in which one base station 300 is connected to a central office 100 
and one wireless terminal 400 is connected to the base station 300. 
[0149] 

As shown in the figure, the central office 1 00 is equipped with an optical transmitter 
1 10(A1) and an optical receiver 120(A). The optical transmitter 1 10(A1) is equipped with 
single-mode optical sources 111, 112, and 1 1 3 which output respective single-mode optical 
signals la, lb, and lc (center frequencies: fci, fc2, and fc3) and a polarization coupling part 
114 which receives the single-mode optical signals lb and 1c and outputs a 
polarization-coupled optical signal Id obtained by orthogonal-polarization-coupling the 
optical signals lb and lc so as to give them orthogonal polarization directions and the same 
optical power. The single-mode optical signal la is transmitted as an optical carrier signal 



to the base station 300 via an optical transmission line 201 and input to an optical modulator 

301 of the base station 300. 

[0150] 

On the other hand, in the wireless terminal 400, an electrical carrier signal 
5 (frequency: fa) that is input from an oscillator 401 to a modulator 402 is 
amplitude-modulated according to transmit-data le and then transmitted to the base station 
300 from an antenna 403 as an RF signal 1 f of a millimeter-wave band, for example. In the 
base station 300, the RF signal If which is modulated according to the transmit-data le is 
received by an antenna 302 and input to the optical modulator 301. The optical modulator 
10 301 optical-intensity-modulates the optical signal la transmitted from the optical 
transmitter 1 10(A1) according to the received RF signal and transmits a modulated optical 
signal lg to the optical receiver 120(A) of the central office 100 via an optical transmission 
line 202. 
[0151] 

15 The optical receiver 120(A) receives the modulated optical signal lg transmitted 

from the optical transmitter 301 of the base station 300 and the polarization-coupled optical 
signal Id that is output from the polarization coupling part 1 14 of the optical transmitter 
1 10(A1) of the central office 100, and reproduces transmit-data lk corresponding to the 
transmit-data le that is transmitted from the wireless terminal 400 via the base station 300. 

20 [0152] 

Fig. 2 shows an exemplary configuration of the polarization coupling part 114. As 
shown in the figure, the single-mode optical signals lb and lc are adjusted by polarization 
controllers 1141 and 1 1 42 so that their polarization directions become perpendicular to each 
other, then adjusted by output adjusters 1 143 and 1 144 so that their optical powers become 
25 identical, and finally orthogonal-polarization-coupled with each other by a 

» 
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polarization-maintain optical coupler 145 into the polarization-coupled optical signal Id 
which is output. This configuration is just an example; for example, another configuration is 
possible in which the single-mode optical sources 1 12 and 1 13 have the functions of the 
polarization controllers 1141 and 1142 and the output adjusters 1143 and 1144 and the 
polarization coupling part 1 14 is formed by only the polarization-maintain optical coupler 
145. 



[0153] 



Fig. 3 shows a first exemplary configuration of the optical receiver 120(A). Fig. 6 



shows exemplary frequency spectra of respective signals in the first embodiment and the first 
1 0 exemplary configuration of the optical receiver 120(A). 



[0154] 



As shown in Fig. 3, an optical receiver 1 20(A1 ) is composed of an optical coupler 121, 



a photodetector 122, an electrical demodulator 123, and a low-pass filter (LPF) 124. The 
optical coupler 121 couples the modulated optical signal Ig transmitted from the base 
15 station 300 with the polarization-coupled optical signal Id that is output from the optical 
transmitter 1 10(A1). A coupled optical signal lh (Formula (4)) is converted into an electrical 
signal by the photodetector 122. 



[0155] 



In the optical transmitter 110(A1), the center frequencies fci, fc2, and fc3 of the 



20 single-mode optical signals la, lb, and lc are controlled so as to satisfy the following 



formulae: 



RF — A IF1 



where fRF is the frequency of the RF signal If and fiFi and are prescribed intermediate 
frequencies. With this measure, in the optical receiver 120(A1), an electrical signal li 
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(Formula (5)) including two stable waves having the intermediate frequencies fiFi and fiF2 can 
be obtained directly as an output of the photodetector 122 without using millimeter-wave 
band components or an automatic intermediate frequency controller. Further, a gain of 
optical heterodyne detection can be obtained by inputting the polarization-coupled optical 
5 signal Id having a sufficiently high optical power from the optical transmitter 1 10(A1) to the 
optical receiver 1 20(A1 ). The electrical signal 1 i that is output from the photodetector 1 22 is 
demodulated by the electrical demodulator 123, and the transmit-data lk (Formula (6)) can 
be obtained by causing a demodulated signal 1 j to pass through the low-pass filter 1 24. 
[0156] 

10 Since the components of the polarization-coupled optical signal Id that is output 

from the optical transmitter 110(A1) have the orthogonal polarization directions and the 
same optical power, the data signal lk that is output from the low-pass filter 124 has a 
constant value independently of the polarization direction of the modulated optical signal lg 
that is transmitted from the base station 300. 

15 [0157] 

Fig. 4 shows a second exemplary configuration of the optical receiver 1 20(A). Fig. 7 
shows exemplary frequency spectra of respective signals in the first embodiment and the 
second exemplary configuration of the optical receiver 1 20(A). 
[0158] 

20 As shown in Fig. 4, an optical receiver 1 20(A2) is composed of an optical coupler 121, 

a photodetector 1 22, a filter 1 25, electrical demodulators 1 23-1 and 1 23-2, and a combiner 
126. The optical coupler 121 couples the modulated optical signal lg transmitted from the 
base station 300 with the polarization-coupled optical signal Id that is output from the 
optical transmitter 1 10(A1). A coupled optical signal lh (Formula (4)) is converted into an 

25 electrical signal by the photodetector 122. Because of the above-described frequency 
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relationships, an electrical signal li (Formula (5)) including two stable waves having the 
intermediate frequencies, fin and can be obtained directly as an output of the 
photodetector 1 22. 
[0159] 

The filter 125 receives the electrical signal li (Formula (5) having the intermediate 
frequencies fiFi and fe and separates it into an electrical signal lii (Formula (13)) having the 
intermediate frequency fiFi and an electrical signal 1 \2 (Formula (14)) having the intermediate 
frequency fiF2. The electrical signals 1 h and 1 \2 are demodulated by the respective electrical 
demodulators 123-1 and 123-2. The transmit-data lk (Formula (15)) can be obtained by 
combining demodulated signals with the combiner 1 26. 
[0160] 

Since the components of the polarization-coupled optical signal Id that is output 
from the optical transmitter 110(A1) have the orthogonal polarization directions and the 
same optical power, the data signal Ik that is output from the combiner 126 has a constant 
value independently of the polarization direction of the modulated optical signal lg that is 
transmitted from the base station 300. 
[0161] 

Fig. 5 shows a third exemplary configuration of the optical receiver 120(A). Fig. 7 
shows exemplary frequency spectra of respective signals in the first embodiment and the 
third exemplary configuration of the optical receiver 120(A), and Fig. 8 is an exemplary time 
chart of individual signals in the first embodiment and the third exemplary configuration of 
the optical receiver 120(A). 
[0162] 

As shown in Fig. 5, an optical receiver 1 20(A3) is composed of an optical coupler 121, 
a photodetector 122, a filter 125, electrical demodulators 123-1 and 123-2, and a 
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delay-controllable combiner 127. The optical receiver 120(A3) is the same in configuration 
as the optical receiver 120(A2) in that the electrical signal lh (Formula (13)) having the 
intermediate frequency fiFi and the electrical signal 1 \z (Formula (14)) having the intermediate 
frequency fiF2 are produced by the optical coupler 121, the photodetector 122, and the filter 
5 125 and demodulated by the respective electrical demodulators 123-1 and 123-2. 
[0163] 

This configuration assumes a case that, as shown in Fig. 8, a time difference AT 
occurs between an output signal lji of a first electrical demodulator and an output signal 1 
of a second electrical demodulator due to dispersion in the optical transmission lines 201 and 
1 0 202. In this case, the time difference AT is compensated for by combining the output signals 
1 ji and 1 j2 with each other after equalizing their phases with the delay-controllable combiner 
1 27, whereby the transmit-data 1 k is obtained without being influenced by the dispersion in 
the optical transmission lines. 
[0164] 

1 5 (Second Embodiment) 

Fig. 9 shows an optical-wireless hybrid transmission system according to a second 
embodiment of the invention. In this embodiment, a description will be made of an 
exemplary configuration in which one base station 300 is connected to a central office 100 
and one wireless terminal 400 is connected to the base station 300. 

20 [0165] 

As shown in the figure, the central office 100 is equipped with an optical transmitter 
110(B1) and an optical receiver 120(B). The optical transmitter 110(B1) is equipped with 
single-mode optical sources 111, 112, and 1 1 3 which output respective single-mode optical 
signals 2a, 2b, and 2c (center frequencies: fci, fc2, and fc3) and a polarization coupling part 
25 114 which receives the single-mode optical signals lb and lc and outputs a 
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polarization-coupled optical signal 2d obtained by orthogonal-polarization-coupling the 
optical signals 2b and 2c so as to give them orthogonal polarization directions and the same 
optical power. The polarization-coupled optical signal 2d is transmitted as an optical carrier 
signal to the base station 300 via an optical transmission line 201 and input to an optical 
5 modulator 301 of the base station 300. 
[0166] 

On the other hand, in the wireless terminal 400, an electrical carrier signal 
(frequency: fRF> that is input from an oscillator 401 to a modulator 402 is 
amplitude-modulated according to transmit-data 2e and then transmitted to the base station 

1 0 300 from an antenna 403 as an RF signal 2f of a millimeter-wave band, for example. In the 
base station 300, the RF signal 2f which is modulated according to the transmit-data 2e is 
received by an antenna 302 and input to the optical modulator 301 . The optical modulator 
301 optical-intensity-modulates the polarization-coupled optical signal 2d transmitted from 
the optical transmitter 1 10(B1) according to the received RF signal and transmits a modulated 

15 optical signal 2g to the optical receiver 120(B) of the central office 100 via an optical 
transmission line 202. 
[0167] 

The optical receiver 1 20(B) receives the modulated optical signal 2g transmitted from 
the optical transmitter 301 of the base station 300 and the optical signal 2a having the optical 
20 frequency f C i that is output from the single-mode optical source 111 of the optical 
transmitter 110(A1) of the central office 100, and reproduces transmit-data 2k 
corresponding to the transmit-data 2e that is transmitted from the wireless terminal 400 via 
the base station 300. 
[0168] 

25 Fig. 1 0 shows an exemplary configuration of the polarization coupling part 114. As 
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shown in the figure, the single-mode optical signals 2b and 2c are adjusted by polarization 
controllers 1141 and 1 1 42 so that their polarization directions become perpendicular to each 
other, then adjusted by output adjusters 1 143 and 1 144 so that their optical powers become 
identical, and finally orthogonal-polarization-coupled with each other by a 
5 polarization-maintain optical coupler 145 into the polarization-coupled optical signal 2d 
which is output. This configuration is just an example; for example, another configuration is 
possible in which the single-mode optical sources 1 12 and 1 13 have the functions of the 
polarization controllers 1141 and 1 142 and the output adjusters 1 143 and 1 144 and the 
polarization coupling part 1 14 is formed by only the polarization-maintain optical coupler 
10 145. 
[0169] 

Fig. 1 1 shows a first exemplary configuration of the optical receiver 1 20(B). Fig. 14 
shows exemplary frequency spectra of respective signals in the second embodiment and the 
first exemplary configuration of the optical receiver 120(B). 
15 [0170] 

As shown in Fig. 1 1, an optical receiver 120(B1) is composed of an optical coupler 
121, a photodetector 122, an electrical demodulator 123, and a low-pass filter (LPF) 124. 
The optical coupler 121 couples the modulated optical signal 2g transmitted from the base 
station 300 with the optical signal 2a that is output from the optical transmitter 1 10(B1). A 
20 coupled optical signal 2h (Formula (10)) is converted into an electrical signal by the 
photodetector 122. 
[0171] 

In the optical transmitter 110(B1), the center frequencies fci, fe, and fc3 of the 
single-mode optical signals 2a, 2b, and 2c are controlled so as to satisfy the following 
2 5 formulae: 



f CI ^C2 fpp— f 



RF — X :1F1 



I fci f-C3 I = ^RF— ^1F2 

where fRF is the frequency of the RF signal 2f and fiFi and fiF2 are prescribed intermediate 
frequencies. With this measure, in the optical receiver 120(B1), an electrical signal 2i 
(Formula (1 1)) including two stable waves having the intermediate frequencies f ifi and f jF 2 can 
be obtained directly as an output of the photodetector 122 without using millimeter-wave 
band components or an automatic intermediate frequency controller. Further, a gain of 
optical heterodyne detection can be obtained by inputting the optical signal 2a having a 
sufficiently high optical power from the optical transmitter 1 10(B1) to the optical receiver 
120(B1). The electrical signal 2i that is output from the photodetector 122 is demodulated 
by the electrical demodulator 123, and the transmit-data 2k (Formula (12)) can be obtained 
by causing a demodulated signal 2j to pass through the low-pass filter 124. 



[0172] 



Since the components of the optical carrier signal (polarization-coupled optical 



signal 2d) that is output from the optical transmitter 1 1 0(B1 ) have the orthogonal polarization 
directions and the same optical power, the data signal 2k that is output from the low-pass 
filter 1 24 has a constant value independently of the polarization direction of the modulated 
optical signal 2g that is transmitted from the base station 300. 



[0173] 



Fig. 1 2 shows a second exemplary configuration of the optical receiver 1 20(B). Fig. 



1 5 shows exemplary frequency spectra of respective signals in the second embodiment and 

the second exemplary configuration of the optical receiver 120(B). 

[0174] 

As shown in Fig. 12, an optical receiver 120(B2) is composed of an optical coupler 
121, a photodetector 122, a filter 125, electrical demodulators 123-1 and 123-2, and a 
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combiner 1 26. The optical coupler 1 2 1 couples the modulated optical signal 2g transmitted 
from the base station 300 with the optical signal 2a that is output from the optical transmitter 
1 10(B1). A coupled optical signal 2h (Formula (10)) is converted into an electrical signal by 
the photodetector 122. Because of the above-described frequency relationships, an 
electrical signal 2i (Formula (11)) including two stable waves having the intermediate 
frequencies fiFi and can be obtained directly as an output of the photodetector 1 22. 
[0175] 

The filter 125 receives the electrical signal 2i (Formula (1 1) having the intermediate 
frequencies fipi and and separates it into an electrical signal 2ii (Formula (13)) having the 
intermediate frequency f^i and an electrical signal 2i2 (Formula (14)) having the intermediate 
frequency fiF2- The electrical signals 2ii and 2\2 are demodulated by the respective electrical 
demodulators 123-1 and 123-2. The transmit-data 2k (Formula (15)) can be obtained by 
combining demodulated signals with the combiner 1 26. 
[0176] 

Since the components of the optical carrier signal (polarization-coupled optical 
signal 2d) transmitted from the optical transmitter 1 10(B1) have the orthogonal polarization 
directions and the same optical power, the data signal 2k that is output from the combiner 
126 has a constant value independently of the polarization direction of the modulated optical 
signal 2g that is transmitted from the base station 300. 
[0177] 

Fig. 1 3 shows a third exemplary configuration of the optical receiver 1 20(B). Fig. 1 5 
shows exemplary frequency spectra of respective signals in the second embodiment and the 
third exemplary configuration of the optical receiver 1 20(B), and Fig. 1 6 is an exemplary time 
chart of individual signals in the second embodiment and the third exemplary configuration 
of the optical receiver 120(B). 
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[0178] 

As shown in Fig. 13, an optical receiver 120(B3) is composed of an optical coupler 
121, a photodetector 122, a filter 125, electrical demodulators 123-1 and 123-2, and a 
delay-controllable combiner 127. The optical receiver 120(B3) is the same in configuration 
5 as the optical receiver 120(B2) in that the electrical signal 2 i i (Formula (13)) having the 
intermediate frequency f ifi and the electrical signal 2i2 (Formula (14)) having the intermediate 
frequency are produced by the optical coupler 121, the photodetector 1 22, and the filter 
125 and demodulated by the respective electrical demodulators 123-1 and 123-2. 
[0179] 

10 This configuration assumes a case that, as shown in Fig. 16, a time difference AT 

occurs between an output signal 2ji of a first electrical demodulator and an output signal 2j2 
of a second electrical demodulator due to dispersion in the optical transmission lines 201 and 
202. In this case, the time difference AT is compensated for by combining the output signals 
2ji and 2]2 with each other after equalizing their phases with the delay-controllable combiner 

1 5 1 27, whereby the transmit-data 2k is obtained without being influenced by the dispersion in 

the optical transmission lines. 
[0180] 

(Third Embodiment) 

Fig. 17 shows an optical-wireless hybrid transmission system according to a third 
20 embodiment of the invention. In this embodiment, a description will be made of an 
exemplary configuration in which plural base stations 300-1 to 300-3 are connected to a 
central office 100 and wireless terminals (omitted in the figure) are connected to the 
respective base stations 300. 
[0181] 

2 5 As shown in the figure, the central office 100 is equipped with an optical transmitter 
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1 10(A2) and plural optical receivers 1 20(A)- 1 to 120(A)-3. The optical transmitter 1 10(A2) 
is equipped with single-mode optical sources 111, 112, and 113 which output respective 
single-mode optical signals la, 1 b, and 1 c (center frequencies: fci, fc2, and fc3), a polarization 
coupling part 1 14 which receives the single-mode optical signals lb and lc and outputs a 
polarization-coupled optical signal Id obtained by orthogonal-polarization-coupling the 
optical signals lb and lc so as to give them orthogonal polarization directions and the same 
optical power, an optical splitter 115 which splits the single-mode optical signal la into 
plural parts, and an optical splitter 1 1 6 which splits the polarization-coupled optical signal 1 d 
into plural parts. The plural split single-mode optical signals la are transmitted as optical 
carrier signals to the plural base stations 300-1 to 300-3 via optical transmission lines 201 
and input to optical modulators 301 of the base stations 300, respectively. 
[0182] 

On the other hand, in the base stations 300-1 to 300-3, RF signals which are 
modulated according to transmit-data le are received by antennas 302 and input to the 
optical modulators 301. The optical modulators 301 optical-intensity-modulate the optical 
signals la transmitted from the optical transmitter 110(A2) according to the received RF 
signals and transmit modulated optical signal lgl to lg3 to the optical receivers 1 20(A)- 1 to 
1 20(A)-3 of the central office 1 00 via optical transmission lines 202. 
[0183] 

The optical receivers 120(A)-1 to 120(A)-3 receive the modulated optical signal lgl 
to lg3 transmitted from the optical transmitters 301-1 to 301-3 of the base stations 300 and 
the split polarization-coupled optical signal 1 d that are output from the optical splitter 1 1 6 of 
the optical transmitter 1 1 0(A2) of the central office 1 00 and reproduce transmit-data 1 kl to 
1 k3, respectively. 
[0184] 
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This embodiment is characterized (i.e., it is different in configuration from the first 
embodiment shown in Fig. 1) in that the optical transmitter 1 10(A2) is equipped with the 
optical splitter 1 1 5 which splits the single-mode optical signal 1 a and the optical splitter 1 1 6 
which splits the polarization-coupled optical signal Id. As such, this embodiment is an 
5 extended version which is directed to the relationships between the plural base stations 
300-1 to 300-3 and the plural optical receivers 120(A)-1 to 120(A)-3. The relationship 
between the base station 300 and the optical receiver 120(A) of each set, in particular, the 
configuration of each optical receiver 120(A) and the function of reproducing the 
transmit-data 1 k from the modulated optical signal Ig transmitted from the base station 300 

1 0 are the same as in the first embodiment. 

[0185] 

(Fourth Embodiment) 

Fig. 18 shows an optical-wireless hybrid transmission system according to a fourth 
embodiment of the invention. In this embodiment, a description will be made of an 
15 exemplary configuration in which plural base stations 300-1 to 300-3 are connected to a 
central office 100 and wireless terminals (omitted in the figure) are connected to the 
respective base stations 300. 
[0186] 

As shown in the figure, the central office 100 is equipped with an optical transmitter 
20 1 1 0(B2) and plural optical receivers 1 20(B)- 1 to 1 20(B)-3. The optical transmitter 1 1 0(B2) is 
equipped with single-mode optical sources 111, 112, and 113 which output respective 
single-mode optical signals 2a, 2b, and 2c (center frequencies: f C i, fc2, and fc3), a polarization 
coupling part 1 14 which receives the single-mode optical signals 2b and 2c and outputs a 
polarization-coupled optical signal 2d obtained by orthogonal-polarization-coupling the 

2 5 optical signals 2b and 2c so as to give them orthogonal polarization directions and the same 
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optical power, an optical splitter 1 1 5 which splits the single-mode optical signal 2a into 
plural parts, and an optical splitter 1 16 which splits the polarization-coupled optical signal 2d 
into plural parts. The plural split polarization-coupled optical signals 2d are transmitted as 
optical carrier signals to the plural base stations 300-1 to 300-3 via optical transmission 
lines 201 and input to optical modulators 301 of the base stations 300, respectively. 
[0187] 

On the other hand, in the base stations 300-1 to 300-3, RF signals which are 
modulated according to transmit-data are received by antennas 302 and input to the optical 
modulators 301. The optical modulators 301 optical-intensity-modulate the 
polarization-coupled optical signals 2d transmitted from the optical transmitter 110(B2) 
according to the received RF signals and transmit modulated optical signal 2gl to 2g3 to the 
optical receivers 120(B)-1 to 120(B)-3 of the central office 100 via optical transmission lines 
202. 
[0188] 

The optical receivers 1 20(B)- 1 to 1 20(B)-3 receive the modulated optical signal 2gl 
to 2g3 transmitted from the optical transmitters 301 of the base stations 300 and the split 
optical signal 2a that are output from the optical splitter 1 1 5 of the optical transmitter 
1 10(B2) of the central office 100 and reproduce transmit-data 2kl to 2k3, respectively. 
[0189] 

This embodiment is characterized (i.e., it is different in configuration from the 
second embodiment shown in Fig. 9) in that the optical transmitter 1 10(B2) is equipped with 
the optical splitter 1 1 5 which splits the single-mode optical signal 2a and the optical splitter 
1 1 6 which splits the polarization-coupled optical signal 2d. As such, this embodiment is an 
extended version which is directed to the relationships between the plural base stations 
300-1 to 300-3 and the plural optical receivers 120(B)-! to 120(B)-3. The relationship 



between the base station 300 and the optical receiver 120(B) of each set, in particular, the 
configuration of each optical receiver 120(B) and the function of reproducing the 
transmit-data 2k from the modulated optical signal 2g transmitted from the base station 300 
are the same as in the second embodiment. 
5 [0190] 

(Fifth Embodiment) 

Fig. 19 shows an optical-wireless hybrid transmission system according to a fifth 
embodiment of the invention. This embodiment is characterized (i.e., it is different in 
configuration from the third embodiment shown in Fig. 17) in that an 

1 0 output-power-controllable optical splitter 1 1 7 capable of setting optical powers of the split 
optical signals la individually is used in place of the optical splitter 115 which splits the 
single-mode optical signal la and transmits the split optical signals la to the plural base 
stations 300-1 to 300-3 as the optical carrier signals. The other part of the configuration of 
an optical transmitter 1 1 0(A3) according to this embodiment is the same as that of the optical 

1 5 transmitter 1 1 0(A2) according to the third embodiment. 
[0191] 

This embodiment assumes a case that optical power differences occur between the 
modulated optical signals lgl to lg3 received by the respective optical receivers 1 20(A)- 1 to 
120(A)-3 due to optical losses that depend on the optical fiber transmission lengths between 

20 the central office 100 and the base stations 300-1 and 300-3 and the differences between RF 
signal powers that depend on the wireless transmission lengths between the base stations 
300-1 to 300-3 and the wireless terminals. The optical powers of the optical carrier signals 
(optical signals la) to be transmitted to the respective base stations 300-1 to 300-3 are 
adjusted by the output-power-controllable optical splitter 117 according to the above 

25 situation. With this measure, the optical power (fci and fci±fra= components) of the 
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modulated optical signal lg transmitted from each base station 300 and the optical power 
(fci and fci±fRF components) of the coupled optical signal 1h that is output from the optical 
coupler 1 2 1 of each optical receiver 1 20(A) are adjusted as shown in Fig. 22. As a result, the 
signal power of the electrical signal 1i having the intermediate frequencies f ifi and fiF2 in each 
5 optical receiver 1 20(A) is adjusted and a good receiving operation (described later) can 
thereby be realized. 
[0192] 

(Sixth Embodiment) 

Fig. 20 shows an optical-wireless hybrid transmission system according to a sixth 
10 embodiment of the invention. This embodiment is characterized (i.e., it is different in 
configuration from the third embodiment shown in Fig. 17) in that an 
output-power-controllable optical splitter 1 1 8 capable of setting optical powers of the split 
polarization-coupled optical signals Id individually is used in place of the optical splitter 1 16 
which outputs the split polarization-coupled optical signals Id to the plural optical receivers 
15 120(A)-! to 120(A)-3. The other part of the configuration of an optical transmitter 110(A4) 
according to this embodiment is the same as that of the optical transmitter 1 1 0(A2) according 
to the third embodiment. 
[0193] 

This embodiment assumes a case that optical power differences occur between the 
20 modulated optical signals lgl to lg3 received by the respective optical receivers 1 20(A)- 1 to 
1 20(A)-3 due to optical losses that depend on the optical fiber transmission lengths between 
the central office 1 00 and the base stations 300-1 and 300-3 and the differences between RF 
signal powers that depend on the wireless transmission lengths between the base stations 
300-1 to 300-3 and the wireless terminals. The optical powers of the polarization-coupled 
25 optical signals Id to be output to the respective optical receivers 1 20(A)- 1 to 120(A)-3 are 
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adjusted by the output-power-controllable optical splitter 118 according to the above 
situation. With this measure, the optical power (fc2 and fc3 components) of the coupled 
optical signal 1 h that is output from the optical coupler 1 2 1 of each optical receiver 1 20(A) is 
adjusted as shown in Fig. 22. As a result, the signal power of the electrical signal li having 
5 the intermediate frequencies fiFi and in each optical receiver 1 20(A) is adjusted and a good 
receiving operation (described later) can thereby be realized. 
[0194] 

(Seventh Embodiment) 

Fig. 21 shows an optical-wireless hybrid transmission system according to a seventh 

10 embodiment of the invention. This embodiment is characterized (i.e., it is different in 
configuration from the third embodiment shown in Fig. 1 7) in being equipped with the 
output-power-controllable optical splitter 1 1 7 according to the fifth embodiment and the 
output-power-controllable optical splitter 118 according to the sixth embodiment. The 
other part of the configuration of an optical transmitter 110(A5) according to this 

15 embodiment is the same as that of the optical transmitter 1 10(A2) according to the third 
embodiment. 
[0195] 

This embodiment assumes a case that optical power differences occur between the 
modulated optical signals lgl to lg3 received by the respective optical receivers 1 20(A)- 1 to 
20 1 20(A)-3 due to optical losses that depend on the optical fiber transmission lengths between 
the central office 1 00 and the base stations 300-1 and 300-3 and the differences between RF 
signal powers that depend on the wireless transmission lengths between the base stations 
300-1 to 300-3 and the wireless terminals. The optical powers of the optical carrier signals 
(optical signals la) to be transmitted to the respective base stations 300-1 to 300-3 are 
25 adjusted by the output-power-controllable optical splitter 117 according to the above 
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situation. With this measure, the optical power (fci and fci±fRF components) of the 
modulated optical signal lg transmitted from each base station 300 and the optical power 
(fci and fci±fRF components) of the coupled optical signal 1h that is output from the optical 
coupler 121 of each optical receiver 120(A) are adjusted as shown in Fig. 22. Further, the 
5 optical powers of the polarization-coupled optical signals Id to be output to the respective 
optical receivers 1 20(A)- 1 to 120(A)-3 are adjusted by the output-power-controllable optical 
splitter 1 18. With this measure, the optical power (fo and fc3 components) of the coupled 
optical signal 1 h that is output from the optical coupler 1 2 1 of each optical receiver 1 20(A) is 
adjusted as shown in Fig. 22. As a result, the signal power of the electrical signal having the 
10 intermediate frequencies fiFi and fiF2 in each optical receiver 120(A) is adjusted and a good 
receiving operation (described later) can thereby be realized. 
[0196] 

(Eighth Embodiment) 

Fig. 23 shows an optical-wireless hybrid transmission system according to an eighth 
15 embodiment of the invention. This embodiment is characterized (i.e., it is different in 
configuration from the fourth embodiment shown in Fig. 18) in that an 
output-power-controllable optical splitter 1 18 capable of setting optical powers of the split 
polarization-coupled optical signals 2d individually is used in place of the optical splitter 1 16 
which splits the polarization-coupled optical signal 2d and transmits the split 
20 polarization-coupled optical signals 2d to the plural base stations 300-1 to 300-3 as the 
optical carrier signals. The other part of the configuration of an optical transmitter 1 10(B3) 
according to this embodiment is the same as that of the optical transmitter 1 1 0(B2) according 
to the fourth embodiment. 
[0197] 

25 This embodiment assumes a case that optical power differences occur between the 

71 



modulated optical signals 2gl to 2g3 received by the respective optical receivers 120(B)-! to 
1 20(B)-3 due to optical losses that depend on the optical fiber transmission lengths between 
the central office 100 and the base stations 300-1 and 300-3 and the differences between RF 
signal powers that depend on the wireless transmission lengths between the base stations 
5 300-1 to 300-3 and the wireless terminals. The optical powers of the optical carrier signals 
(polarization-coupled optical signals 2d) to be transmitted to the respective base stations 
300-1 to 300-3 are adjusted by the output-power-controllable optical splitter 1 18 according 
to the above situation. With this measure, the optical power (fc2, fc2±fRF, fc3, and fc3±fRF 
components) of the modulated optical signal 2g transmitted from each base station 300 and 

10 the optical power (fc2, fc2±fRF, fc3, and fc3±fRF components) of the coupled optical signal 2h 
that is output from the optical coupler 121 of each optical receiver 120(A) are adjusted as 
shown in Fig. 26. As a result, the signal power of the electrical signal 2i having the 
intermediate frequencies f ifi and in each optical receiver 120(B) is adjusted and a good 
receiving operation (described later) can thereby be realized. 

15 [0198] 

(Ninth Embodiment) 

Fig. 24 shows an optical-wireless hybrid transmission system according to a ninth 
embodiment of the invention. This embodiment is characterized (i.e., it is different in 
configuration from the fourth embodiment shown in Fig. 18) in that an 

20 output-power-controllable optical splitter 1 17 capable of setting optical powers of the split 
optical signals 2a individually is used in place of the optical splitter 1 15 which outputs the 
split single-mode optical signals 2a to the plural optical receivers 1 20(B)- 1 to 1 20(B)-3. The 
other part of the configuration of an optical transmitter 110(B4) according to this 
embodiment is the same as that of the optical transmitter 1 10(B2) according to the fourth 

25 embodiment. 
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[0199] 

This embodiment assumes a case that optical power differences occur between the 
modulated optical signals 2gl to 2g3 received by the respective optical receivers 1 20(B)- 1 to 
1 20(B)-3 due to optical losses that depend on the optical fiber transmission lengths between 
the central office 1 00 and the base stations 300-1 and 300-3 and the differences between RF 
signal powers that depend on the wireless transmission lengths between the base stations 
300-1 to 300-3 and the wireless terminals. The optical powers of the optical signals 2a to 
be output to the respective optical receivers 120(A)-! to 1 20(A)- 3 are adjusted by the 
output-power-controllable optical splitter 1 17 according to the above situation. With this 
measure, the optical power (fci component) of the coupled optical signal 2h that is output 
from the optical coupler 121 of each optical receiver 120(B) is adjusted as shown in Fig. 26. 
As a result, the signal power of the electrical signal 2i having the intermediate frequencies fiFi 
and fiF2 in each optical receiver 120(B) is adjusted and a good receiving operation (described 
later) can thereby be realized. 
[0200] 

(10th Embodiment) 

Fig. 25 shows an optical-wireless hybrid transmission system according to a 10th 
embodiment of the invention. This embodiment is characterized (i.e., it is different in 
configuration from the fourth embodiment shown in Fig. 18) in being equipped with the 
output-power-controllable optical splitter 1 18 according to the eighth embodiment and the 
output-power-controllable optical splitter 117 according to the ninth embodiment. The 
other part of the configuration of an optical transmitter 110(B5) according to this 
embodiment is the same as that of the optical transmitter 1 10(B2) according to the fourth 
embodiment. 
[0201] 
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This embodiment assumes a case that optical power differences occur between the 
modulated optical signals 2gl to 2g3 received by the respective optical receivers 1 20(B)- 1 to 
120(B)-3 due to optical losses that depend on the optical fiber transmission lengths between 
the central office 100 and the base stations 300-1 and 300-3 and the differences between RF 
5 signal powers that depend on the wireless transmission lengths between the base stations 
300-1 to 300-3 and the wireless terminals. The optical powers of the optical carrier signals 
(polarization-coupled optical signals 2d) to be transmitted to the respective base stations 
300-1 to 300-3 are adjusted by the output-power-controllable optical splitter 1 1 8 according 
to the above situation. With this measure, the optical power (fc2, fc2±fRF, fc3, and fc3±fRF 
1 0 components) of the modulated optical signal 2g transmitted from each base station 300 and 
the optical power (fc2, fc2±fRF, fc3, and fc3±fRF components) of the coupled optical signal 2h 
that is output from the optical coupler 121 of each optical receiver 120(B) are adjusted as 
shown in Fig. 26. Further, the optical powers of the optical signals 2a to be output to the 
respective optical receivers 1 20(A)- 1 to 1 20(A)-3 are adjusted by the 

1 5 output-power-controllable optical splitter 1 1 7. With this measure, the optical power (fci 

component) of the coupled optical signal 2h that is output from the optical coupler 121 of 
each optical receiver 120(B) is adjusted as shown in Fig. 26. As a result, the signal power of 
the electrical signal having the intermediate frequencies fin and fiF2 in each optical receiver 
1 20(B) is adjusted and a good receiving operation (described later) can thereby be realized. 
20 [0202] 

Control forms in the fifth to 10th embodiments will now be described. 

In a first control form, the optical powers of optical carrier signals to be transmitted 
to the respective base stations and /or optical signals to be output to the respective optical 
receivers are controlled so that the signal power of an electrical signal having the 

2 5 intermediate frequencies fiFi and that is output from the photodetector of each optical 
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receiver is made constant. 
[0203] 

In a second control form, the optical powers of optical carrier signals to be 
transmitted to the respective base stations and/or optical signals to be output to the 
respective optical receivers are controlled so that the signal powers of electrical signals 
having the intermediate frequencies fiFi and f>F2 that are output from the photodetectors of 
the optical receivers are made uniform for all the optical receivers. 
[0204] 

In a third control form, the optical powers of optical carrier signals to be transmitted 
to the respective base stations and /or optical signals to be output to the respective optical 
receivers are controlled so that the signal-to-noise ratios of electrical signals having the 
intermediate frequencies f^i and fiF2 that are output from the photodetectors of the optical 
receivers are made uniform for all the optical receivers. 

INDUSTRIAL APPLICABILITY 

[0205] 

The invention is applied to an optical-wireless hybrid transmission system in which a 
high-frequency RF signal such as a millimeter-wave signal is transmitted between a base 
station and a wireless terminal via a wireless channel and an optical signal is transmitted from 
the base station having received the RF signal to a central office via an optical transmission 
line, and the invention is also applied to the central office. 
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